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ABSTRACT
Following an overview in the field of calixarene chemistry given in the introduction, 
this thesis reports,
i) The synthesis of /?~/er/-butylcalix[4]arene tetraacetamides, thiophosphates and 
derivatives containing mixed functional groups and the characterisation by IR,
NMR and microanalysis.
ii) The solution thermodynamic of p-rer^butylcalix[4]arene tetradiisopropylacetamide 
and the transfer thermodynamics of this ligand from acetonitrile to various solvents.
Hi) Spectrophotometric, potentiometric and calorimetric studies on the interaction of 
/?-/er/-butylcalix[4]arene tetraacetamides and metal cations in butan-l-ol and in water 
saturated butan-l-ol at 298.15 K. Metal-ion complexes of j3-/er/-butylcalix[4]arene 
tetradiisopropylacetamide were isolated and characterised by IR, NMR and 
spectroscopy and microanalysis.
In butan-l-ol, the selectivity of this ligand for metal cations follows the sequence 
Na^ > Cd^  ^> Pb^  ^ > > Ag .^ However, this sequence is altered in the water
saturated solvent to an extent that the strong complexation observed for this ligand and 
zinc(II) in butan-l-ol is non-existent in the water saturated solvent. Using 
complexation data in conjunction with solution data of the host, the guest and the 
resulting complex, enthalpies of coordination (referred to the process which reactants 
and the product in the solid state) were calculated.
iv) Extraction experiments in the water-butan-l-ol solvent system at 298.15 K in the 
presence of /?-terr-butylcalix[4]arene tetradiisopropylacetamide were performed. The 
higher extraction of lead(II) relative to other metal cations from the aqueous solution 
to the organic phase in the presence of the ligand at low hydrogen-ion concentration is 
demonstrated. The extraction of radioactive lead(II) by the same ligand was 
investigated as a fimction of i) the pH of the aqueous phase ii) the ligand concentration 
in the organic phase.
V/) A new polymeric material was obtained by attaching the ligand to the polymer. 
Final conclusions are drawn and suggestions for further work in this area are given.
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Introduction
INTRODUCTION
This thesis is mainly concerned with the synthesis, the characterisation and the 
complexing properties of an amide derivative of /?-fôr/--butylcalix[4]arene and its 
applications in the separation of metal cations for radiopharmaceutical use. Therefore, 
this introduction contains:
/) A brief account on macrocydic ligands, including the most currently used natural 
and synthetic macrocycles.
ii) An overview on the progress made in calixarene chemistry.
iii) A detailed account on the research carried out on calixarene amide derivatives.
iv) The aims of the present research.
1. Macrocydic compounds.
Macrocydic compounds have been known for more than one century as cyclic 
compounds with nine or more members (including all heteroatoms) and with three or 
more donor atoms. ^  Detailed investigations oh these compounds were limited due to 
the small number of these compounds available at that time. Thus, the condensation of 
phenols with formaldehyde which provided probably the most simple entry into 
macrocydic ring compounds was reported by von Baeyer in 1886.^
Due to the large variety of macrocydic ligands available, Cox and Schneider^ have 
classified these compoupds as follows,
i) Naturally occurring macrocycles.
ii) Synthetic macrocycles.
1.1. Naturally occurring macrocycles.
Naturally existing ionophores such as Valinomycin (Fig. 1.1) (produced by micro­
organisms) exhibit antibiôtic activity. The selective properties of valinomycin (neutral 
macrocycle) for potassium over sodium ions and its ability to transport this cation 
through natural and artificial lipid membranes was reported by Pressman."  ^ The
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complexation of valinomycin with the potassium cation occurs through the oxygen 
atoms (donor atoms) of the carbonyl groups through ion-dipole interactions.^
C H ^ H s  C H ^H a 
ÇH CH
CH^Ha 
(jiHa <jîH
O-CH- ( j-N H - CH- C -O -C H - jj-N H - CH- C- 
O O O O
Fig. 1.1. Structure of Valinomycin.
Other important group of naturally occurring ligands are the carboxylic antibiotics. The 
representative example shown in Fig. 1.2 known as Nigericin was the first compound 
to be isolated. Unlike valinomycin, this is an open chain molecule containing 
monobasic acid fimctions. The presence of an ionisable carboxylic fimction indicates 
the formation of neutral complexes with cations. However, the ligand as the free acid 
forms charged complexes with lower stability constant, which are poorly soluble in 
water and more soluble in organic solvents. The end of the chain is linked by 
intramolecular head-to-tail hydrogen bonds involving the carboxylic group and a 
suitable hydroxyl group.^
CH
OCHCH
CH
CHHOCH
OH
GOGH
Fig. 1.2. Structure of Nigericin.
Cyclodextrins isolated fi-om starch fermentation can also be considered as natural 
macrocycles. These are essentially polymers of glucose. The most well known 
Cyclodextrins are a  (Fig. 1.3), P and y constituted by six, seven and eight glucose 
units respectively.
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HO
\  UOH 
0
OH
/  " ° T J
H 0 s 4 ^ H  
HO
Fig. 1.3. Structure of a - Cyciodextrin.
These type of ligands are characterised by a hydrophobic cavity able to form 
complexes with a wide variety of guest species/ In recent years, Danil de Namor and 
coworkers® have carried out a series of thermodynamic studies involving cyclodextrins 
as hosts and different guests such as N^^substituted sulphonamides.
Other naturally existing macrocycles are the N4-donor Porphyrins and Corrins (Fig, 
1.4) as a class of metal-ion derivatives of tetrapyrrole macrocydic rings. The 
complexes of these ligands with transition metal cations have been investigated since 
the beginning of this century, because of their close structural relation to the important 
naturally occurring species such as haemoglobin and vitamin
NH
\\
' X
N-
HN-
(a) (b)
Fig. 1.4. Structures of a) Porphyrin and b) Corrin.
Since this thesis is merely concerned with synthetic macrocycles, these are now briefly 
discussed.
Introduction
1.2. Synthetic macrocycles.
Synthetic macrocycles have attracted much attention during the past three decades due 
to their ability to complex selectively with cations, anions and neutral species. Among 
these are the crown ethers (monocyclic ligands) and related compounds. These are 
characterised by the presence of a hole capable of selective binding with metal cations 
and organic species.*
o o 
0
Fig 1.5. Structure of 18-crown-6.
Variation of all parameters in the typical structure of the crown ether (size, molecular 
flexibility, type and nature of donor atoms in the ring, addition of bridges) led to a 
large variety of neutral ligands which Vogtle '^ '^^° has classified in three groups as 
follows,
/) Podands which are open-chain compounds (Fig. 1.6 a).
ii) Coronands, monocyclic compounds (Fig. 1.6 b).
iii) Cryptands, oligocyclic ligands (Fig. 1.6 c)
B
[°ir 
(0)
Fig. 1.6. Structures of (a) podands, (b) coronands and (c) cryptands, B = bridge
head atom and D = donor atom.
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1.2.1. Podands.
Podands have been known for a long time. These are characterised by the absence of
dim^iylrings and bridge systems. A representative example is penta ethylene glycolf(Fig. 1.7)
known as pentaglyme or glyme-6.
o
0 
P P
Fig. 1.7. Structure of penta ethylene glycol (glyme-6).
However, the discovery of crown ethers was the driving force for the synthesis of 
specific podands characterised by terminal functional groups and increased lipophilicity 
(Fig. 1.8).
O
'OCH, H,CO"
Fig. 1.8. Structure of open-chain ether with increased lipophilicity.
1.2.2. Coronands.
A series of crown ethers with different ring size and number of donor atoms are shown 
in Fig. 1.9.
12-C-4 15-0-5
C l )
oo o
o op.
21-C-7 24-0-8
Fig, 1.9. Structures of crown ethers.
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In addition, Pederson^ ^  reported the synthesis of crown ethers containing benzene rings 
in various positions. Among these, dibenzo-18-crown-6 is the best known (Fig. 1.10).
o o
Fig, 1.10. Structure of dibenzo-18-crown-6.
Replacement of oxygen donor atoms by sulphur or nitrogen has led to macrocycles 
known as “thiacoronands”^^  and “azacoronands”^^ ’^ '^  respectively (Fig. 1.11). 
Coronands compounds containing phosphorus and arsenic are also known. “
/N H  HN\ 
\N H  HN/
(a) (b)
Fig. 1.11. Structures of (a) 16-thiacrown-4 and (b) 14-azacrown-4 (cyclam).
Changing the nature of the donor atoms alters the selectivity of these compounds for 
metal cations. Thus, thiacoronands are able to enter selective complexation with 
second and third row transition metal cations (Ag ,^ Au ,^ Pt^ ,^ and Pd^ )^.^^
1.2.3. Cryptands.
Bridging coronands across their diameters with chains containing fiirther donor atoms 
led to the macrobicyclic ligands known as cryptands discovered by Lehn.^  ^ These 
ligands are characterised by the presence of a three-dimensional cavity (Fig. 1.12). 
Variation in the length of the bridge resulted in changes in cavity size and selectivity.
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Fig. 1.12. Structure of cryptand 222.
Cylindrical cryptands shown in Fig. 1.13 have also been synthesised."  ^These are neutral 
tricyclic ligands.
N N.
O O
O /  O '
'O  O '
N N'
^  o—^
Fig. 1.13. Structure of a tricyclic cryptand.
1.2.4. Spherands.
Spherands are macrocydic compounds introduced by Cram in 1974.^  ^This type of 
compounds describes an oxygen shell (Fig. 1.14) whose cavity can be occupied only by 
spherical entities such as single ions, and not by parts of the host or solvent. Spherands 
exhibit an octahedral cavity and are highly selective for L t  and Na^ metal ions even 
when these ions are present at trace levels in a solution containing a mixture of the 
largest alkali-metal cations. However, they exhibit no evidence of forming complexes 
with Rb^ and Cs  ^ions. ^
Me
Me
Me
Me
Me
Me Me
Me
Fig 1.14. Structure of a spherand.
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The latest incomers in macrocydic chemistry are the calixarenes which are the result of 
the condensation of para-substituted phenol and formaldehyde in basic medium. As 
this thesis is related to calixarene chemistry, the progress made in this field is now 
discussed.
1.3. Calixarene ehemistry. An overview.
In the continuing search for new synthetic molecular receptors capable of host-guest 
relationships with ions and neutral species, the macrocycles known as calixarenes have 
been synthesised.
The phenol-formaldehyde condensation reaction first reported by von Baeyer in 1870’s 
yielded uncharacterised products, which were later on assigned by Zinke and Ziegler^ ® 
as cyclic tetrameric structures.
More recently Gutsche and co-workers^®’^® using carefully controlled reaction 
conditions developed a new approach for the synthesis of calixarenes with various ring 
sizes. Thus, using one-step process involving p-/err-butylphenol and formaldehyde the 
cyclic tetramer (p-fôr/-butylcalix[4]arene), the hexamer (p-/er/-butylcalix[6jarene) and 
the octamer (p-rerr-butylcalix[8]arene) were easily isolated as a class of 
metacyclophanes comprising cyclic arrays of phenolic residues attached by methylene 
groups at the ortho positions to the hydroxyl groups of the phenolic units. The 
structure of these compounds is shown in Fig. 1.15.
\
oA OH
Fig. 1.15. Structure of p-tert-butylcalix[n]arenes (n = 4,6,8).
Different ways have been adopted to name the p-substituted cyclic tetramer (Fig. 
1.16). Thus, Zinke and coworkers referred to them as “Cyclischem 
Mehrkemmethylenenolverbindungen”,. Hayes and Hunter^\ named them “Cyclic
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tetranuclear novolaks”, and “Tetrahydroxycyclotetra-m-benzylenes”, was the general 
name given by Conforth and his group^V In the Chemical Abstract, these compounds 
are found as “penta cyclo octacosa-
l(25),3,5,7(28),9,ll,13(27)15,17,19(26),21,23-dodecaene-25,26,27,28-tetrols”.^ ’^^ ^
R
OH 
OH HO 
OH
R
R
Fig. 1.16. Structure of the cyclic tetramer.
The name of “calixarenes” was given by Gutsche and coworkers^^ due to their 
resemblance in shape to a type of Greek vase called “calix crater” , while arene 
indicates the incorporation of aromatic rings. The number of phenol units contained in 
the structure of calixarenes is indicated by a bracketed number inserted between calix 
and arene. Appropriate prefixes are used to specify the nature and the position of the 
substituents on the aromatic rings. Thus, the cyclic tetramer derived from p-tert- 
butylphenol and formaldehyde (Fig. 1.17 ) is often known as p-fôrt-butylcalix[4]arene. 
Furthermore, adopting the numbering scheme recommended by Chemical Abstracts, 
this compound is named as 5,11,17,23-tetra-/ert-butyl-25,26,27,28-
tetrahydroxycalix[4]arene.^
23
OH 
OH HO' 
OH28
Fig. 1.17. Structure of/7-fert-butylcalix[4]arene or 5,11,17,23-tetra-tert-butyl- 
2S,26,27,28-tetrahydroxycalix[4]arene.
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The following discusses the most relevant aspects of research on parent calixarenes 
and their derivatives
1.3.1. Synthesis of parent calixarenes.
1.3.1.1. One-step procedure.
The one-step procedure described by Zinke^ *^  in 1940’s using the base-induced 
condensation of ^-substituted phenols and formaldehyde is shown in Scheme 1.18. 
This procedure was modified by several groups to yield a mixture containing the cyclic 
tetramer. Further research by Gutsche led to the development of one-step procedures 
for the synthesis of the cyclic tetramer, the hexamer and the octamer in good yields.^ '^^  ^
The type and amount of base determine which calixarenes are produced. For the 
formation of tetramer and octamer the optimum amount of NaOH is between 0.03- 
0.04 mole per mole of/?-/er/-butylphenol, the tetramer demanding higher temperature 
(diphenylether, reflux) than the octamer (xylene, reflux). The cyclic hexamer, however, 
requires a larger amount of base (KOH, 0.4 mole) per mole of /?-ter/-butylphenol to 
give an equivalent yield. ^
n o .
OH
+ n b a s ic2 m edium
OH
Scheme 1.18. One-step procedure for the synthesis ofp-tert-butylcalix[n]arenes
(n»4-8)(Zinke Method '^*).
Calixarenes with an odd number of building blocks (5, 7 and greater) have also been 
synthesised from /7-/er/-butylphenol using one-step procedures. However, much lower 
yields than even number calixarenes were obtained.^®’^® Also a limited number of p- 
flf/fy/-phenols were obtained firom the direct procedure due to its sensitivity to the 
nature of the p-substituent as shown in Table 1.1.
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Table 1.1. Typical yields (%) obtained in the one-step synthesis of
calix[n]arenes.30-32
p- substituent n = 4 5 6 7 8
Methyl — — 74 22 —
Ethyl — - - — 24 —
i-Propyl 10 — 26 — —
t-Butyl 49 10-15 83 6 62-65
t-Pentyl — — 30 — 37-41
t-Octyl 6-7 — — 30
Adamantyl — — — 71 72
n-Decyl — 10 — 12
Benzyl — 33 16 — 12
Phenyl — — 10 41 7-14
12
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Attempts using the acidic induced procedure for one-step condensation has failed to 
give pure calixarenes, although there was evidence that these compounds were present 
in small quantities/^
I.3.I.2. Step-wise synthesis of parent calixarenes.
The step-wise synthesis of parent calixarenes was described by Hayes and Hunter/^ 
These workers prepared cyclooligomers containing five, six or even more /^-substituted 
phenol rings. This method was modified and extended by Kàmmerer and HappeP^’^ '* to 
produce calixarenes which, in addition to five ring units, contain different substituents 
in the /7flra-position. The starting material of the synthesis was phenol protected at the 
or^Ao-position by a halogen, which was successfully hydroxymethylated and condensed 
with /^-substituted phenol to furnish a linear oligomer. After elimination of the halogen 
by hydrogenation, the mono hydroxymethylated oligomer was cyclised under high 
dilution conditions to afford the desired calixarene as shown in Scheme 1.19.
OH 4-(R)PhOHHCHO
OH OH OHpH OH
OHOH
n-2n-2
OH
high dilution ^
R
Scheme 1.19. Step-wise synthesis of calix[n]arenes (Hayes and Hunter
method^ )^.
The large number of steps used in this technique was reflected on the overall yield 
which was very low, making this procedure not attractive for calixarene synthesis.
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However, this is the only choice in the synthesis of calixarenes with different 
alkylphenol units.
I.3.I.3. Convergent step-wise synthesis of parent calixarenes.
In order to overcome the large number of steps and the low yields obtained in the step­
wise procedure used for the synthesis of calixarenes, Bohmer and coworkers^^ 
suggested the use of a convergent procedure (fragment condensation) shown in 
Scheme 1.20.
OH OH OH OH
-2HBr
OH 
OH HO 
pH
RA
-2HBr
R
OH OH
Scheme 1.20. Convergent step-wise synthesis using Bohmer method.35
This procedure was successfully used for the synthesis of a series of calix[4] and 
[5]arenes with different substituents in /?ara-position.^®’^  ^It has been proposed that the 
cyclisation step is proceeded by at least one intermolecular condensation step. The 
yields obtained were found to be dependent on the nature of the functional groups at 
the /7ûrm-position.^*
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Bridged calix[4]arenes in a cone conformation have also been synthesised using 
Bohmer approach, as shown in Scheme 1.21. The fixed cone conformation of these 
compounds was possibly ascribed to the connection of two opposite j^am-position by 
an aliphatic chain of appropriate length.^*
TiCU
OH
Scheme 1.21. Convergent step-wise synthesis for bridged calix[4]arenes.
Chiral calixarenes"*” were also synthesised employing Bôhmer approach which consists 
of the condensation of the asymmetric trimer with the appropriate bis-dibromomethyl 
monomer as shown in Scheme 1.22.
Me
BrR
Q
OH
Me OH
TiCU.Dioxan
OH OH
Scheme 1.22. Convergent step-wise synthesis of chiral calixarenes.
1.3.2. Physical and spectral properties of parent calixarenes.
I.3.2.I. Melting point.
An initial observation made by Zinke^* was that calixarenes obtained from the 
condensation of /?-^er/-butylphenol and formaldehyde have very high melting points 
(often above 300 ®C). In fact the melting point of /?-/er/-butylcalix[4]arene is between 
342-344 “C, while /?-ter/-butylcalk[6]arene melts at 380-381 and p-tert- 
butylcalix[8]arene at 411-412 °C. These high melting points which are mainly 
attributed to the intramolecular hydrogen bonds between the phenolic OH groups at
15
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the lower rim are considered a characteristic property of many phenol-derived 
cyclooligomers. Based on this physical property, the purity scale of calixarene 
compounds was quickly identified.^^
I.3.2.2. Solubility.
It has been often mentioned that phenol-derived calixarenes are characterised by their 
low solubility in most solvents. This characteristic property has caught Zinke’s 
attention and prevented him from obtaining a satisfactory compound.
Quantitative data on the solubility of p-/gr/-butylcalix[n]arene (n = 4, 6 and 8) in 
various solvents (methanol, MeOH; ethanol, EtOH; N,N-dimethylformamide, DMF; 
acetonitrile, MeCN; hexane. Hex; chloroform, CHCI3 ; benzonitrile, PhCN and 
nitrobenzene, PI1NO2) at 298.15 K has been reported by Danil de Namor and 
coworkers."*^ '"*^  These data (Table 1.2) were used to derive the standard Gibbs energies 
of solution AsG°(eqn. 1.1).
AsG” =  -R T ln S  1.1
In this equation R, T and S denote the gas constant (8.31 J K'* mol'^), the absolute 
temperature in K and the solubility (mol dm'^) respectively.
In most cases, low solubilities observed are mainly attributed to the intensive 
intramolecular hydrogen bonds between the OH groups at the lower rim of these 
molecules. As shown in Table 1.2, solubilities of j!?-fôr/-butylcalix[8]arene in various 
solvents are lower than corresponding data for p-/er/-butylcalix[4] and [6]arenes in the 
same solvents. Taking MeCN as the reference solvent for calix[4] and calix[8]arenes 
and PhCN for calix[6]arene, the transfer free energies, AtG®, of these compounds to 
various solvents were calculated. The data reflect that among these solvents, PhNOz is 
the best solvator for /7-tert-butylcalix[4] and [6]arenes while /?-/er/-butylcalix[8]arene 
is best solvated by PhCN. It was stated that the large solubilities observed in some of 
these solvents may be due to their interactions with calixarenes.
16
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Table 1.2. Solubilities Gibbs free energy of solution of jp-tert~butylcalix[n]arenes 
(n=4,6,8) in various solvents at 298.15 K. Derived transfer Gibbs energies."**’"*^
j9-terjf-butylcalix[4]arene
Solvent ®
Solubility / moi dm’^ AsGVkJmol'* AtG° / kJ mol'* 
(MeCN->s)
MeOH 5.90 X 10"* 18.43 -6.26
EtOH 3.30 X 10"* 19.87 -4.82
DMF 1.10 xlO’^ 16.89 -7.80
MeCN 4.73 X 10" 24.69 0.0
Hex 2.12 xlO"* 20.97 -3.72
CHCI3 4.34 X 10'^ 13.48 -11.21
PhCN 9.47 X 10"* 17.26 -7.43
PhNOa 1.83 X 10 " 9.92 -14.77
/7-te/'t-butylcalix[6]arene
Solubility / mol dm'^ AsGVkJmol'* AtG®/kJmol'*
(PhCN^s)
PhCN 5.55 X 10 " 12.88 0.0
PhNOa 2.26 X 1 0 " 9.40 -3.48
/7-tert-butylcalix[S]arene
Solubility / mol dm'" AsGVkJmol'* AtG°/kJmol'*
(MeCN~>s)
MeOH < 10'" — —
EtOH < 10" — —
DMF 2.20 X 10" 15.17 -12.09
MeCN 1.68x10'" 27.26 0.0
Hex 2.51x10" 26.26 -1.00
CHCI3 6.23 X 10 " 12.59 -14.67
PhCN 1.14x10'" 11.09 -16.17
PhNOa 2.57x10" 14.78 -12.48
Methanol, MeOH; ethanol, EtOH; N,N-dimethylformamide, DMF; acetonitrile, 
MeCN; hexane, Hex; chloroform, CHCI3 ; benzonitrile, PhCN and nitrobenzene, 
PhNOi
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I.3.2.3. Acid dissociation constants of parent calixarenes.
The equilibrium constant of a reversible dissociation is called dissociation constant. 
This term is applied to dissociation reactions of acids and bases in solution and the 
amount of dissociation is dependent on the strength of the acids and bases. Weak acids 
such as phenol in polar solvents are partially dissociated and the equilibrium constant 
of such dissociation is called the acid dissociation constant (K,). The acidity of the 
phenolic OH groups of calixarenes which is important for all selective reactions is 
determined by the system of intramolecular hydrogen bonds. Thus, Shinkai and 
coworkers"*  ^ determined i) the proton transfer reaction between calixarenes (Calix[n])
and spectrophotometric indicators in their basic forms (picrate, P‘; /7-nitrophenolate;
2,4-dinitrophenolate) in tetrahydrofiiran, THF at 298.15 K (eq. 1.2) and if) the 
dissociation constant of HP in water at 298.15 K (eq. 1.3)
Calix[n] (THF) + P* (THF) o  Calix[n]‘ (THF) + HP (THF) 1.2
HP (H2O) o  P‘ (H2G)+ H"(H20) 1.3
The author wrongly claimed that the outcome of eqs. 1.2 and 1.3 gives the pK» values 
of the appropriate calixarene tetrahydrofuran.
Recently, Danil de Namor and coworkers"*"'"*"*'"*^  reported dissociation constants (pKa- 
-log Ka) for p-ter/-butylcalix[n]arenes (n = 4,6,8) in benzonitrile at 298.15 K (Table 
1.3) for the following processes,
Calix[n] o  Calix[n]' + KT
Calix[n]- o  Calix[n]^* + H"
Calix[n]'<i>Calix[n]^- + hT 
Calix[n] o C a lix [n f ' + H"
These authors stated that the monoanion Calix[4]‘, the dianion Calix[6]"* and the 
tetraanion Calix[8]"*' are the most stable species for these calixarenes in this solvent. 
These values also indicated the lower acidic behaviour of the tetramer (pKa=19.33) 
relative to the hexamer (pKa=17.02) and the octamer (pKa=17.42) in PhCN at 298.15 
K. The pKa value for the monomeric j^-Zert-butylphenol in benzonitrile at 298.15 K has 
not been reported. However, literature data for phenol in acetonitrile"*  ^ (similar
18
pKal 1.4
pKa2 1.5
pKa3 1.6
pKa4 1.7
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properties to benzonitrile) at 298.15 K (pKa= 26.6) indicated that calixarenes are much 
more acidic than phenol. This was attributed to intramolecular hydrogen bonding 
between the OH groups of the macrocycle which expedite the abstraction of the first 
proton.
1.3.2.4. Infrared.
The strength of the intramolecular hydrogen bonding between the phenolic groups of 
the calixarenes (flip-flop mechanism)"*  ^ have been determined and established using 
FTIR (Fourier transform infrared) measurements. These have shown the strongest 
intramolecular bonding for the cyclic tetramer (v OH, low frequency 3138 cm'*) and 
the weakest for the cyclic pentamer (v OH, 3300 cm'*), while OH stretching frequency 
values for the other calixarenes are falling between these limits as shown in Table 1.4. 
The linear oligomer behaves similarly as the cyclic oligomers."*® However, the former 
exhibits lower OH stretching frequencies (up to 400 cm'*) compared with monomeric 
/7-/er/-butylphenols. This was attributed to the very strong intermolecular and 
intramolecular hydrogen bonding developed between the phenolic OH groups for the 
linear oligomers and the cyclic oligomers respectively.
The finger print region 500-900 cm'* appears to be a characteristic tool to distinguish 
between cyclooligomers as the ring size changes. Thus, the cyclic tetramer has a strong 
absorption band at 830 cm * while the cyclic hexamer at 750 cm *. No absorption was 
shown by the cyclic octamer.^*
1.3.2.5. Ultraviolet spectra.
The principal absorption bands of the linear as well as the cyclic oligomers appear in 
the ultraviolet region at 280 and 288 nm. For the cyclic oligomers, the ratio intensity of 
these peaks is a function of the ring size. However, the absorption maxima were found 
to be solvent dependent.^^ The maximum molar absorptivity (cm * mol * dm^) of 
calix[n]arenes (n = 4-8) at 280 and 288 nm are summarised in Table 1.5.
Ultraviolet measurements were used to investigate the interactions of unmodified 
calixarenes and amines in acetonitrile by observing the proton transfer which display a 
major peak at 290 nm and a shoulder at 310 nm ascribed to the formation of the 
calixarene monoanion."*”
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Table 1.3. Dissociation constants of /?-/er/-butylcalix[n]arene (n=4,6,8) in benzonitrile at 
298.15
Calixarene pK,
/7-?er/‘-butylcalix[4]arene pKai = 19.33
/?-fgrf-butylcaIix[6]arene pKai = 17.02
pKa2 — 20.89
j9-fe/'f-butylcalix[8]arene pKa,= 17.42
pKa2 = 20.01
pKa3 = 27.0
pKa4 = 30.4
Table 1.4. OH stretching frequency values for /7>/^r/-butylcalix[n]arenes (n==4-8).32
Compound V (OH) cm'^
/?-ferf-butylcalix[4]arene 3138
/7-fôr/-butylcalix[5]arene 3299
j3-terf-butylcalix[6]arene 3152
/?-te/'/-butylcalix[7]arene 3149
jp-rerr-butylcalix[8]arene 3190
Table 1.5. Maximum molar absorptivity of calix[n]arenes (n = 4-8) at 280 and 288 nm.22
Compound Solvent Gmax /
cm'^  mol*’ dm^  
X = 280 nm
Gmax /
cm'^  mol ’ dm^  
A. = 288 nm
/7-fô/' -^butylcalix[4]arene CHCI3 9800 7700
/?-ferf-butylcalix[5]arene Dioxane 14030 14380
/?-fôrf-butylcalix[6]arene CHCI3 15500 17040
p-fôr/-butylcalix[7]arene CHCI3 18200 20900
/?-rerr-butylcaIix[8]arene CHCI3 23100 32000
20
Introduction
I.3.2.6. Nuclear magnetic resonance.
The NMR spectrum of p-iferif-butylcalix[4]arene (which always exists in cone 
conformation at room temperature due to the strong intramolecular hydrogen bonding 
as indicated by the low frequency of the hydroxyl groups in the IR spectrum ca 3150 
cm*’) shows three singlets arising from the resonance of the aromatic, /er/-butyl and 
the hydroxyl protons, and a pair of doublets corresponding to the bridging methylene 
protons with coupling constants of 12-14 Hz. Ungaro and co-workers^° have assigned 
the high field doublet to the equatorial protons (close to the aromatic ring) and the 
lower field doublet to the axial protons (close to the hydroxyl groups).
Like the cyclic tetramer, calix[5] and calix[8]arenes also display a pair of doublets for 
the bridging methylene (non-equivalent) protons in chloroform (CDCI3), whereas the 
cyclic hexamer shows three pairs of doublets attributed to the asymmetric nature of 
these compounds. More complicated spectra were observed for calix[7]arenes due to 
their high flexibility which led to their lack of symmetry.^’
The conclusions derived from ’H NMR measurements regarding the conformation of 
calixarenes in solution were the same as those found from X-ray crystallographic 
analysis referred to the compounds in the solid state. Both studies show the p-tert- 
butylcalix[4] and calix[5]arenes (Fig. 1.23) in their cone conformation. As far as p-tert~ 
butylcalix[8]arenes is concerned, a "pleated loop” conformation in which the eight 
hydroxyl groups are arranged in an almost planar intramolecularly hydrogen bonded 
cyclic array was found.^^ For the p-rer/-butylcalix[6]arenes an elliptical cone 
conformation was established,^^ whereas, /?-/er/-butylcalix[7]arene was found to be a 
combination of tetrametric and trimetric substructures.^'’
Fig. 1.23. X-ray crystallographic structure ofp-te#t-butylcalix[4]arene.
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1.3.3. Conformations of calixarenes.
Previous studies have demonstrated that all calixarenes containing free OH groups are 
conformationally mobile in solution at room temperature^^’^  ^and the degree of mobility 
varies from one ring system to another. Calixarenes in particular calix[4]arenes have 
been subjected to intensive studies related to their conformational behaviour as a result 
of phenol orientations. Conforth and co-workers^^ have pointed out the existence of 
four main up-down conformations for calix[4]arenes, which later was named by 
Gutsche and co-workers^^ as cone (all partial cone (three up and one down), 1,2- 
alternate (two up and two down) and 1,3-alternate (two up and two down) 
conformations, as illustrated in Fig. 1.24.
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Fig. 1.24. The four basic conformations of p-tert-butylcalix[4]arene.
The pattern of the resonance of the non-equivalent bridging methylene protons in the 
NMR spectrum has provided an invaluable way for i) examining different 
conformational behaviour and //) measuring the rate of conformational interconversion 
of the calixarenes.^^
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A summary of the conformational structures and their effects on the NMR chemical 
shifts and coupling constants are summarised in Table 1.6.
The number of conformational mobility changes of calixarenes could be minimised or 
frozen either by the introduction of different groups in pam-positions or by an 
appropriate derivatisation at the lower rim.^ ’^^®
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Table 1.6. H NMR spectral patterns for the conformers of calix[4]arenes.55
Conformation ArH Ar-CH2"Ar C(CH3)3
Cone One singlet One pair of 
doublet 
(J=12H z)
One singlet
Partial Cone Two singlets and 
two doublets
Two pairs of 
doublets 
(J=12H z)
Three singlets 
(ratio 1:2:1)
1,2-Alternate Two singlets One singlet and 
two doublets 
(J-1 2 H z)
One singlet
1,3-Alternate One singlet One singlet One singlet
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1,3.4. Complexation of parent calixarenes.
I.3.4.I. Complexation of parent calixarenes with neutral species.
The formation of stable complexes of calixarenes with neutral species has been 
investigated. Thus, p-/er/-butylcalix[4]arene is able to interact with chloroform, 
benzene, toluene and xylene. /?-fô/*/“Butylcalix[6]arene forms complexes with 
methanol and chloroform while the interaction of /?-/^r/-butylcalix[8]arene with 
chloroform has been reported.^^ The ewcfo-calix nature of the complexes formed 
between /7-fe7*/-butylcalix[4]arene and toluene was investigated by X-ray 
crystallographic studies of Andreetti and coworkers^^. These studies show that toluene 
is well contained in the centre of the hydrophobic cavity of /7-/er/-butylcalix[4]arene. 
The factors governing the tight complexation of neutral species with calixarenes are 
dependent on the size of the macrocycle, its conformation and the nature of the para- 
substitution.^® The host properties of the cyclic octamer for chloroform are relatively 
weak since dissociation occurs upon standing a few minutes at room temperature. 
However, the stability of the adducts formed between the cyclic tetramer or hexamer 
with chloroform is rather high even at high temperature and under reduced pressure.^®
The low solubility of/?-/er/-butylcalix[n]arenes in various organic solvents has made it 
difficult to investigate their interaction with amines. However, the more soluble p- 
allylcalix[4]arene was chosen to proceed with this investigation which will be discussed 
in the following section.
In recent studies by Gormar and coworkers^^ using UV spectrophotometry the 
complex stoichiometry and stability constant values for the interaction of p-tert- 
butylcalix[n] arenes (n=4,8) with a variety of hindered piperidines in acetonitrile at
298,15 K were determined. The low stability constant values for the complex 
formation reflect the effect of the hindered substituents in the amine when these 
molecules react with /?-^er/-butylcalix[4]arene. However, non-steric effect dependence 
in stability constant values was observed for the interaction of these molecules with p- 
ter/-butylcalix[8]arene. The interaction of diamines with calixarenes was found to be 
2:1 (calixareneiamine) stoichiometry with the tetramer and the octamer.
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Recently, electrochemical and thermodynamic studies on the interactions of the p-tert- 
butylcalix[n]arenes (n=4,6,8) and amines in benzonitrile and nitrobenzene at 298.15 K 
were carried out by Danil de Namor and coworkers'^^’^ '^ ’'*^ . These studies suggested that 
i) cryptand 222 is likely to host the proton released by the calixarene in its cavity, ii) 
the presence of /^-/er^-butylcalixarenes in the organic phase favoured extraction of 
amines from the aqueous to the organic phase and iii) the main contribution to the 
extraction process result from ion-pair formation between the calixarenes anion and the 
protonated amine in the organic phase.
I.3.4.2. Complexation of parent calixarenes with cations.
The first solution state complexation of parent calixarenes was achieved by Izatt and 
co-workers^^’®^ who concluded that calixarenes are ineffective cation carriers in neutral 
solution. However, they possess significant transport ability for alkali-metal cations 
from an alkaline aqueous phase to another through a chloroform membrane. Although 
/?-fôr/-butylcalix[n]arene (n = 4,6,8) (Calix) ligands transport Cs  ^selectively over other 
alkali-metal cations with a selectivity increase in the order; Calix[4] > Calix[6] > 
Calix[8], the largest Cs  ^flux was found for /?-ter/-butylcalix[8]arene which may result 
from the possibility that the cyclic octamer may bind two cations. The conclusion that 
the macrocyclic ring plays a critical role in the interaction with metal cations was 
supported by the fact that no efficient transport was achieved with the monomer (p- 
fer/-butylphenol).
The studies of Izatt and coworkers**^ '^  ^ pointed out that these calixarenes possess 
several features as ion-membrane carriers due to low water solubility, the formation of 
neutral complexes with cations through the loss of a proton and their potential for 
coupling transport to the reverse flux of protons. Harrowfield and coworkers^^ have 
described the synthesis of lanthanide-ion complexes of parent calixarenes with 
enhanced solubility in the organic solvent. Under carefully controlled reaction in 
dimethylformamide the same authors®'^  were enable to isolate Eu^  ^ and Cs^^-p-tert- 
butylcalix[8]arene complexes of 1:1 metal:ligand stoichiometry. NMR spectroscopy 
suggested that in solution the Eu^  ^complex is both less flexible and more stable than
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the Ca  ^ species. At a later stage, using dimethyl sulphoxide as the solvent the same 
authors®  ^synthesised the 2:1 Th'^^-p-ter^butylcalix[8]arene complex.
1.3.5. Upper rim functionalised calixarenes.
The upper rim of the parent jD-^e7'^-butylcalix[n]arenes (n = 4-8) contains a hydrophobic 
cavity with possibility to interact with neutral guests. However, a limited number of 
complexes were reported as a result of lack of appropriate functionalisation at the 
upper rim. Therefore, the upper rim cavity has been subjected to various types of 
modification afi;er the removal of p-tert-h\xiy\ groups yielding a series ofp-substituted 
calixarenes able to complex a wide range of ions.®® The removal of p-tert-h\xty\ groups 
fi-om parent calixarenes is now discussed.
1.3 5.1. De-^eit-butylation of parentp-terr-butylcalix[n]arenes (n*4,6,8).
The removal oîp-tert-huty\ groups by the aluminium chloride-catalysed Friedel-Crafts 
reaction from the parent /7-/er/-butylcalix[n]arenes (n = 4,6,8) carried out with 
excellent yields was described by Gutsche®®. This possibility has made these 
compounds attractive starting materials for the preparation of various para-substituted 
calixarenes as illustrated in Scheme 1.25. Although the upper rim defines a 
hydrophobic cavity that is potentially able to interact with neutral substrates, it can be 
subjected to different modifications producing a large number of derivatives capable of 
complexing with metal cations.®’
AICI3 , 60-55 °C 
Toluene
Scheme 1.25. De-te/t-butylation of calixarenes using the Friedel-Crafts reaction.
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1.3.5.2. Sulphonation and nitration of calixarenes.
Shinkai and coworkers®* reported the direct sulphonation of calix[6] arenes by using 
sulphuric acid which leads to a water soluble hexasulphonated calix[6]arene in good 
yields. Treatment of the latter derivative with nitric acid produces the corresponding p- 
nitrocalix[6]arene (Scheme 1.26).
Direct chlorosulphonation of the parent calixarenes was achieved by Reinhoudt and 
coworkers^^ using chlorosulphonic acid. Upon treatment of the chlorosulphonated 
calix[4]arene with the appropriate amine the corresponding sulphonamide calix[4]arene 
was formed (Scheme 1.27).
OH
NO
HNO;
OH
Scheme 1.26. Direct sulphonation and nitration of calix[6]arene.
H SO sC i ^
SO2 NR2
Scheme 1.27. Chlorosulphonated calix[4]arene precursors for anion receptors
(R-alkyl group).
Recently, Reinhoudt and coworkers’® have succeeded in the preparation of two or 
more pam-substituted nitrocalix[4]arenes using a one step process consisting of direct 
replacement of groups of parent calixarenes, using concentrated nitric acid
in a dichloromethane:acetic acid (1:1) mixture.
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I.3.5.3. Upper rim functionalisation via Claisen rearrangement.
The direct introduction of functional groups at the /?ara-position via an electrophilic 
substitution reaction has failed in most cases, making it necessary to explore another 
routes for such reaction. The Claisen rearrangement is the prototype of an electrocyclic 
reaction which have been used by Gutsche and coworkers^^ as an alternative route for 
converting tetraallyl ethers in /7û(m-allylcalix[4]arenes in high yields. These may be 
used as starting materials for the synthesis of a variety of compounds^' (Scheme 1.28).
I BrCH2CH=CH2 DMF:THF,NaH ' Q \ Diethylaniline  >Reflux
Scheme 1.28. Claisen rearrangement route.
I.3.5.4. Upper rim functionalisation via Mannich reaction.
The Mannich reaction described by Gutsche and Nam^^’^  ^ for the preparation of p- 
fianctionalised aminocalix[4]arene (Mannich base) has proceeded smoothly using de- 
^er?-butylcalix[4]arene to react with formaldehyde in the presence of a secondary 
amine (Scheme 1.29). After conversion of the Mannich base to the corresponding 
quaternary ammonium salt followed by the treatment with a nucleophile, the p- 
substituted calix[4]arene via a putative calixarene p-quinone methide intermediate was 
obtained. The p-quinone methide intermediate route provided a short pathway to a 
variety of p-aminocalixarenes with remarkable complexing ability towards transition 
metal cations.
N<
RgNH
HCHO
OH
OH
Scheme 1.29. p-Aminocalix[4]arene via Mannich reaction (R«alkyl group).
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1.3.5.5. Upper rim functionalisation via chlorométhylation.
Other alternative route is the pam-chloromethylation of calix[n]arenes (n=4,6,8) using 
chloromethyl w-octylether and SnCU in chloroform at room temperature (Scheme 
1.30). The method was introduced for the first time by Arduini and co-workers '^^ who 
used the chloromethylated intermediates for the preparation of new host macrocycles 
with an extended hydrophobic cavity.
CHXI
OH
n-CaHiyOCHaCl
SnCU.CHCIa
Scheme 1,30. p-Chloromethylated calix[n]arenes (n=4,6,8).
I.3.5.6. Selective upper rim functionalisation.
The selective upper rim functionalisation can be achieved by a careful choice of 
reaction conditions (catalyst, temperature and molar ratio of substrate to reagent).
The first example of selective upper rim functionalisation was introduced by Gutsche 
who prepared calix[4]arene carrying wo«<?-allyl groups/^
Recently, a direct and selective Friedel-Crafts acylation of calix[4]arene was achieved 
by optimising the reaction conditions yielding /7-dimethoxycalix[4]arene (Fig. 1.31).^  ^
Larger molecules could also be synthesised by the coupling of two or more calixarene 
units through the upper rim.*®
O M e 
OH HO 
O M e
O M e 
OH HO 
O M e
C IC O Ro ^  R C OA id C O R
Fig 1.31, Selectivep<zru-substitution of calix[4]arene.
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13.5.7. Physical properties of upper rim functionalised calixarenes.
It has been reported*^ that the /?ara-substituents in calixarenes can greatly affect the 
melting point of these macrocycles. Representative examples are p-»-octylcalix[6] and 
[8]arenes obtained from the condensation of /?ara-»-octylphenol and formaldehyde in 
basic conditions with melting points as low as 110 °C.
The solubility of these derivatives in organic solvents and water is also significantly 
improved by the presence of suitable p-substituents. The nature of /^-substituent plays 
a crucial role on the solubility of these calixarenes. Shinkai and co-workers 
reported the synthesis of p^rra-sulphonated calix[n]arenes (n = 4,6) (Fig. 1.32). These 
series of compounds are water soluble with solubility values as high as 0.1 mol dm' .^ 
Recently, Reinhoudt and co-workers** obtained sulphonamide calix[4]arenes (Fig. 
1.33) via chlorosulphonation followed by reaction with an amine containing hydroxyl 
groups, with solubility values up to 0.3 mol dm’^  in water at 298.15 K. Soon after, 
Gutsche and coworkers’^*’ synthesised a series of water soluble calixarenes carrying 
amino and carboxylic functions respectively at the upper rim (Fig. 1.34). Calixarenes 
with hydrophilic substituents have made possible to carry out studies in aqueous 
solutions which were unattainable until recently.
OH
Fig. 1.32. /7-Sodium sulphonate of calix[n]arenes (n-4,6).
yC H ^O H  
SOrNH-C^CHfOH 
\  CH3-OH
CH^^C-O-CH^ ^CHg 
0
Fig. 1.33. /7-Sulphonamide calix[4]arene tetraethylacetate.
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CHrN<
OH
Fig. 1.34. j?-Am:no and carboxylic water soluble calixarene.
The first dissociation constants (pK»i) for /7-/nowo-nitrocaIix[4]arenes in the methanol- 
water (1:1) solvent system at 298.15 K were measured by Bôhmer and co-workers.®  ^
The pKai value obtained for p-tri-tert-\mt^\ groups substituents was surprisingly 
different from p-tri-m&thy\ groups, suggesting that the nature of the / -^substituent 
strongly influences the dissociation of these compounds.
Shinkai and co-workers®  ^ have determined the dissociation constants of p- 
tetrasulphonated calix[4]arene in aqueous solution for the first time. According to this 
study, the dissociation constant values for the removal of the four phenolic protons 
occurred at pH <1, 3, 4 and >11, respectively. These results were found in contrast 
with the X-ray structural analysis of /?-tetrasulphonated calix[4]arene obtained fi'om an 
aqueous solution at pH = 9 which revealed that only one phenolic proton is dissociated 
and with potentiometric and calorimetric studies carried out in aqueoiis solution at
298.15 K. The thermodynamic parameters suggested (unfavourable protonation 
enthalpy and entropy) that the protonation of mono-anionic calix[4]arene is 
energetically costly.®®
The latter results were confirmed in a recent spectrophotometric and potentiometric 
re-investigation carried out by Shinkai and coworkers®^ ’^  using a series of water 
soluble calixarenes shown in Fig. 1.35. These authors found lower pK* values for the 
dissociation of the first proton (pK,i = 1.8) in comparison with that of monophenols 
(pK* =8.25) (Table 1.7). Furthermore, the remaining three dissociations occur at 
higher pK» values. The explanation for this super acidic behaviour of calix[4]arenes 
seems to be the optimal stabilisation of the calix[4]arene anion relative to the 
undissociated calix[4]arenes. This indicates that the deprotonation of the mono-anionic
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calix[4]arene is restrained by the reinforced intramolecular hydrogen bonding 
interaction originated from the first dissociation step.
R
o
R
OH
2
1/
OH 
1 
a = SO3- Na+ 
b = N02
c = S02N(CHfCHf0H)2 
Fig. 1.35. Series of /^-substituted calixarenes and their monomers.
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Table 1.7. pKa Values of water soluble calix[4]arenes and their analogues in 
water and in water-ethanol mixtures at 298.15
Compound Solvent pK.1 pK*2 pK.3 piva4
la H2O 3.26 ±0.02 11.8 ±0.3 12.8 ±0.3 14
lb 85wt%EtOH/H20 2.9 ±0.3 10.9 ±0.1 12.3 ± 2 >14
Ic H2O 1.8 ±0.3 9.7 ±0.1 12.5 >14
2a H2O 8.9 ±0.1 — — —
2b" 70wt%THF/H2O 7.1 ±0.1 — —
* pK» determined at 30 °C.
34
Introduction
I.3.5.8. Complexation of upper-rim functionalised calixarenes with cations.
Regen and coworkers^* reported varions calixarenes in their cone conformation 
bearing carboxyl, ester and amide groups at the upper rim. The complexing properties 
of these compounds towards alkali-metal picrate salts proved to be very effective. 
However, their selective behaviour for alkali-metal cations differs from those reported 
for lower rim functionalised calixarenes. The lower degree of ion selectivity associated 
with the upper rim derivatised calix[4]arenes is likely to be a consequence of the 
greater spatial mobility of the upper rim groups of the calix[4]arene.
Shinkai®^  prepared a new class of calix[5] and [6]arenes sulphonated at the para- 
position which exhibit remarkable high stability and selectivity for uranyl (U0 2 ^^ ) 
over Zn^  ^and Cu^  ^ions. These properties were attributed to the moderately rigid 
skeleton of these compounds which provide the preorganised penta and hexa- 
coordination geometry required by the U0 2 ^^  ions.
Bohmer and coworkers^^ recently, succeeded in the attachment of the -NH-C(0)-CH2- 
P(0)Ph2 functional group at the upper rim of calix[n]arene (n= 4,5) containing tetra 
and pentaalkylated compounds at the lower rim (Fig. 1.36). The presence of these 
new derivatives in the organic phase (dichloromethane) was found to be exceptionally 
efficient for the extraction of lanthanide and actinide (Eu^ ,^ Th'*^ , Np'^^ , Pu'*^  and Am^ )^ 
metal cations from acid (HNO3 , 1 mol dm'^) aqueous solutions when compared with 
currently used standard extracting agents for these cations such as CMPO [(N,N- 
diisobutylcarbamoylmethyl)octylphenylphosphine oxide]. These results obviously 
demonstrate the cooperative effect of several functional groups within the calixarene 
unit.
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Ph
I  / P h0 = R
0 = C
NH
Fig. 1.36. Structure of calix[n]arene bearing the CMPO-like functional group
(n=4,5).
Since the research work involved in this thesis concerns lower rim fiinctionalised 
calix[4]arenes for cation complexation, the work so far carried out on these systems is 
now discussed.
1.3.6. Lower rim functionalised calixarenes.
Lower rim functionalisation of parent calixarenes have produced a wide variety of 
derivatives. This chemical modification {via ether linkage) has been used by several 
groups to yield derivatives with pendant (carboxylates/'^ esters/^ ketos/^ amides,^ 
a m in es ,su lp h id es ,^  thioamides^ and phosphates*®®’*®^) groups (Scheme 1.41) 
which effectively act as metal ion receptors.
OH
XR >-Base
OR
Scheme 1.41. O-functionalisation of/7>te/t-butylcalix[n]arene5 (n = 4,6,8).
Although it is known that unmodified /7-/cr/-butylcalix[4]arene adopts a cone 
conformation because of strong hydrogen-bonding interactions among the OH groups, 
the introduction of alkyl or acyl substituents into the OH groups suppresses the
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conformational freedom because of steric hindrance (inhibition of the oxygen-through- 
the-annulus rotation) and results in conformational isomers/^^ Therefore, p-tert- 
butylcalix[4]arene derivatives can lead in the same way that unmodified calixarenes to 
four different conformers; “cone*\ ""partial cone^\ ""I,2~aliermte"' and ""1,3-alternate''; 
as illustrated in Fig. 1.24. However, the large majority of calix[4]arene derivatives 
exist in the cone conformation for which the pendants groups possess a considerable 
degree of preorganisation.
The cone conformation often appears to be favoured by the template effect in the 
presence of a metal cation such as Na^ or (upon the selectivity of the ligand), 
whereas the presence of Cs  ^ ions, which cannot act as a template, yields the 1,3- 
alternate conformer.
I.3.6.I. Selective lower rim functionalisatioii.
Under controlled conditions, selective functionalisation of the phenolic hydrogens at 
the lower rim of calixarenes can be achieved. The isolated compounds are useful for 
synthesising large molecules as a result of attaching two or more calixarenes building 
units or hemispherand to a calixarene molecule*®^ '^ ®^  (Fig. 1.42).
Me Me
OMe OMe OMe
OMe
Fig. 1.42. Structure of calixspherand.
One of the first examples of selective functionalisation of phenolic hydrogens at the 
lower rim of calixarenes was the synthesis of the monoether calix[4]arene {cone
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conformation) obtained from calix[4]arene bearing tribenzoate protecting groups, 
which were then deprotected by hydrolysis^* The best results of the direct selective 
reaction were obtained using 2:1 molar ratio of K2CO3 (weak base) and p-tert- 
butylcalix[4]arene. The resulting 1,3-difrinctionalised calixarenes have been obtained in 
yields often higher than corresponding tetraalkylcalix[4]arenes. These products are 
useful precursors for the production of tetrasubstituted calix[4]arenes with dual 
fijnctionality at the lower rim/°^
The alkylation of /7-/er/-butylcalbc[6]arene under different conditions led to the 
isolation of several selective 0-alkylated cahx[6]arenes. Representative examples are 
the diethers (1,2), triethers (1,2,3) and tatraethers (1,2,4,5) (Fig. 1.43). The mechanism 
for their formation is still unknown.*®  ^More complicated selective alkylation ofp-tert- 
butylcalix[8]arenes yields tetraethers (1,3,5,7).^®*
O R
OR OH
OROH
OR
Fig. 1.43. Structure of tetraether (1,2,4,5) calix[6]arene.
Recently, with the aim of producing new calixarenes, it has been possible to replace all 
the hydroxyl groups of calix[4]arene by thiol (SH) groups, or/and two hydroxyl groups 
by amino (NH2) groups (Fig. 1.44).*®^ *“® These intermediates are useful in the 
synthesis of N- or S- substituted calix[4]arenes in addition to the usual O-substituted 
analogues derivatives.
OH SH
Fig. 1.44. Structures of partially or totally substituted calix[4]arenes.
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1.3 6.2. Physical and spectral properties of lower rim functionalised calixarenes.
By introducing suitable functional groups at the lower rim, the melting points of 
calixarenes are altered. Esters, ethers and amides of calixarenes usually melt at lower 
temperature than their parent compounds. Thus, whereas the melting point for p-tert- 
butylcalix[4]arene is 342-344 °C, derivatives such as /?-/er/-butylcalix[4]arene tetra 
methylketone and /?-/er/-butylcalix[4]arene tetradiethylacetamide melt at 204-207 °C 
and 228-229 T  respectively.^^’®®
The solubility of calixarene derivatives in organic and aqueous solvents has been 
enhanced by introducing suitable functional groups on the phenolic oxygen atoms at 
the lower rim. The first water soluble calixarene was introduced by Ungaro and co­
workers®® who prepared of />-/er/-butylcalix[4]arene tetracarboxylic acid (Fig. 1.45) |
whose alkali and ammonium salts are soluble in water up to concentrations of 5x10*^  !
mol dm*^ .
Fig. 1.45. Structure of /7-te/^-butylcaiix[4]arene tetracarboxylic acid.
Danil de Namor and coworkers'^  ^ reported the solubilities of the ethyl p-tert- 
butylcalix[4]arene tetraethanoate (EtCalix[4]) = 3.56x10’^  mol dm'  ^and n-butylp-iert- 
butylcalix[4]arene tetraethanoate (nButCalix[4]) = 9.44x10’^  mol dm'  ^in methanol and 
in acetonitrile (EtCalix[4]) = 1.12x10*  ^mol dm'  ^ and (/2-ButCalix[4]) = 4.80x10*  ^mol 
dm*^  at 298.15 K. The data reflect that the solubilities of calixarene esters are higher 
than corresponding data for parent calixarenes (Table 1.2) in these solvents. This was 
attributed to the inability of these derivatives to form intramolecular hydrogen bonding, 
the hydrophobic nature of the ester groups and the nature of the solvent.
UV measurements have been used by Conforth and co-workers^ to monitor the 
development of the alkylation of calixarenes at the lower rim by observing the
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disappearance of the absorption at 300 nm (free phenol) and the growth of the 
absorption at 270-282 nm which result from the ether linkage of the derivatives which 
found to be solvent dependent.
UV spectrophotometric measurements were used to study the complexation process of 
/?-rert-butylcalix[4]arene derivatives (amide and ester) with different metal cations in 
various solvents by reading between 250-300 nm on the wavelength range. The 
observed steady decrease of the maximum absorption of the ligands (275-282 nm) 
were used to calculate the stability constant. However, this technique is limited to 
stability constant values lower than 10® and higher than 10^ .
I.3.6.3. Complexation of lower rim functionalised calixarenes with metal cations.
The interaction of the lower rim functionalised calixarenes with different ion guests 
have been extensively studied by several groups. 1 12 j^^Kervey and 
coworkers®®'^ ^^  have reported that both calixarene esters and ketones prefer to interact 
with alkali-metal cations rather than alkaline-earth metal cations. The ion selectivity 
depends on the ring size and the conformation. /7-^er/-Butylcalix[4]arene esters and 
ketones in their cone conformations show a preference for Na"^ , while the p-tert- 
butylcalix[4]arenes ester in partial cone conformation and the p-tert- 
butylcalix[6]arenes ester displayed more selectivity towards K^than Na^(Fig. 1.46).®®
CH-j~C“OR
O
Fig. 1.46, Structure ofp-tert-butylcaUx[n]arene esters (n=4,6, R=alkyl group).
Thermodynamic studies on the interaction of /?-ter/-butylcalix[6]arene ester with alkali- 
metal cations in benzonitrile at 298.15 K have been reported recently by Danil de 
Namor and coworkers. This ligand shows selectivity in the recognition of ion
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over the other alkali-metal cations. The Gibbs energy of complexation derived from 
titration microcalorimetry were found to be enthalpically controlled. The highest 
enthalpic stability was found for potassium (Table 1.8).
Ungaro and coworkers '^**^^ synthesised a new series of interesting lower rim receptors 
for selective encapsulation of metal cations. These are known as calixcrowns (Fig 
1.47). Thus, l,3-dialkoxy-/?-/er/‘-butylcalix[4]arene-crown-5 derivatives in their 1,3- 
alternate and partial cone conformations are said to be the most selective potassium 
ionophores known so far. The corresponding l,3-dialkoxy-/?-/er/‘-butylcalix[4]arene- 
crown-6 in the 1,3-altemate conformation shows a very high Cs^ /Na"^  selectivity which 
find application in the treatment of radioactive waste. From these results, the author 
concluded that the complexation efficiency and selectivity could be controlled by 
factors such as the ring size and the calixarene conformation. Although the data 
reported were in chloroform, where ion association becomes significant and therefore, 
these are not entirely referred to the complexation process.
CHj
H . c r *  °N ° cH.
Fig. 1,47. Structures of l,3-dialkoxy-p-ter/-butylcalix[4]arene-crown-5 and 6.
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Table 1.8. Thermodynamic parameters for the complexation of alkali-metal 
cations and ethyl p-fe/f-butylcalix[6]arene hexaethanoate in benzonitrile at
298.15 K.113
M" logK, AcGVkJmor^ Acir/kJm or^ AcSVJK'^mor'
L r 4.37 ±0.05 -24.95 ±0.28 -21.04 ±1.32 13.1
Na^ 5.31 ±0.04 -30.31 ±0.23 -29.17 ±0.74 3.8
6.14 ±0.04 -35.05 ±0.23 -47.68 ±1.30 -42.4
Rb^ 4.77 ±0.04 -27.23 ±0.23 -29.66 ±1.33 -8.2
42
Introduction
Danil de Namor^^  ^has reported the first thermodynamic parameters of complexation of 
ethyl /?-/er/-butylcalix[4]arene tetraethanoate and alkali-metal cations in methanol and 
acetonitrile at 298.15 K using the calorimetric technique. The solution enthalpies of the 
ligand in methanol and in acetonitrile and NMR measurements suggested that 
acetonitrile interacts with the hydrophobic cavity of the ligand and as a result the 
hydrophilic cavity is better preorganised to interact with metal cations. Later, the same 
authors^’ reported for the first time thermodynamic data derived from titration 
microcalorimetry for the complexation involving alkyl /?-ter/-butyIcalix[4]arene 
tetraethanoate and alkali-metal cations (Li\ Na"" and in benzonitrile at 298.15 K 
(Table 1.9). Solution enthalpies of alkyl (methyl, ethyl, M-butyl) p-tert- 
butylcalix[4]arene tetraethanoate in acetonitrile and in benzonitrile at 298.15 K 
reported are summarised in Table 1,10. The results show that these ligands are 
enthalpically more stable in benzonitrile than in acetonitrile and suggest that the 
interaction of calix[4]arene esters is stronger with the former relative to the latter 
solvent.
Recently, Danil de Namor and coworkers"^ have emphasised that UV 
spectrophotometry is unsuitable for the determination of high stability constants. 
Therefore, and due to the poor complexing ability of calixarene esters for silver ions in 
acetonitrile and in benzonitrile these authors^^* using silver electrodes developed a 
“double competition potentiometric method” involving cryptands and a series of /?- 
rert-butylcalix[4]arene esters. This method was used for the first time for the 
determination of stability constants of highly stable complexes of alkyl (methyl, ethyl 
and «-butyl) /?-/er/-butylcalix[4]arene tetraethanoates and alkali-metal cations in 
acetonitrile and benzonitrile at 298.15 K. This method consists of three equilibria steps 
which are described as follows,
/) complexation of silver by cryptand (Cry) (eq. 1.8)
ÏÏ) exchange between the silver cryptate and the cation VT (eq. 1.9) 
in) reaction between the metal-ion cryptate (NTCry) and the relevant calix[4]arene 
ester (R Calix) (eq. 1.10). Combination of these equations leads to the stability 
constant of the metal-ion calixarene complex (M^Calix) (eq. 1.11)
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Ag* (s) + Cry (s) — — ► Ag*Cry (s) 1.8
Ag*Cry(s) + M" ............. . NfCiy (s) + Ag* (s) 1.9
NrCiy(s) + RCalix(s)  ^ M il  Calix (s) + Cry (s) 1.10
(s) + RCalix(s) — M*RCaIix(s) 1.11
The results reported in Table 3.9 show that as the electron-donating effect of the 
ligand increases in moving from methyl to ethyl and «-butyl, their interaction with 
metal cations increases. As far as the solvent is concerned, stability constants shown in 
Table 1.9. indicate that in both acetonitrile and benzonitrile the same selectivity pattern 
is observed. However, in acetonitrile, the methyl ester is more selective for Na^ than 
for Li% and Rb .^ Substitution of methyl by ethyl or «-butyl groups increases the 
ligands selectivity towards Na"^  over other alkali-metal cations. In benzonitrile, the 
methyl ester was found to be more selective for Na"^  relative to this selectivity 
decreases for ethyl and «-butyl esters. It was also concluded that in both solvents the 
stability of metal ion-ligand complexes is enthalpically controlled and the entropies of 
formation reflect marked differences between the solvation of the ligands relative to 
their metal-ion complexes.
It is important to mention that the potentiometric data (eq. 1.11 and ion-selective 
electrode)"^ show that the UV spectrophotometric data reported by McKervey and 
coworkers^^ is incorrect.
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Table 1.9. Thermodynamic parameters for the complexation of alkali-metal cations and 
alkyl (methyl, ethyl, n-butyl) />-/£rt-butylcalix[4]8rene tetraethanoate in acetonitrile and 
benzonitrile at 298.15
M" log Kg AcGVklmol* 4JF/kJm or* 1 &SV JK  * mol * A^oiSV JK** mol *
Methyl /7-tert-butylcalix[4]arene tetraethanoate 
Acetonitrile
L f 5.61 ±0.03 -32.02 ±0.07 -37.80 ±0.80 -19.4 -252.3
Na"' 6.97 ±0.02 -39.79 ±0.05 -63.00 ±0.50 -77.8 -214.2
K+ 4.01 ±0.03 -22.89 ±0.07 -40.63 ±0.70 -59.4 -187.0
2.25 ±0.04 -12.84 ±0.09 -9.89 ±0.02 9.9 -174.0
Benzonitrile
L t 5.45 ±0.03 
5.29 ±0.03“
-31.11 ±0.07 
-30.08“
-47.02 ±0.03“ -53.4
-56.8“
-237.6
Na+ 6.78 ±0.04 
5.51 ±0.05“
-38.70 ±0,10 
-31.45“
-41.08 ± 1.23“ -8.0
-32.3“
-218.4
K+ 2.70 ±0.02“ -15.41 ±0.17“ -21.34 ±0.68“ -19.9“ -205.2
Ethyl /7-/er/-buylcalix[4]arene tetraethanoate 
Acetonitrile
Li+ 6.20 ±0.05 (6.4)*’ -35.39 ±0.12 -48.78 -44.9 -252.3
Na+ 7.68 ±0.08(5.8)*’ -43.81 ±0.20 -69.20 ±0.96 -85.1 -214.2
K+ 4.04 ±0.03(4.5)*’ -23.06 ±0.07 -45.75 ±0.45 -76.1 -187.0
Rb+ 2.05 ±0.03 (1.9)*’ -11.70 ±0.07 -23.34 ± 1.36 -39.0 -174.0
Benzonitrile
Li+ 5.49 ±0.22 -31.34 ±0.55 -57.20 ± 1.80 -86.7 -237.6
Na'*’ 7.57 ±0.02 -43.27 ±0.05 -50.70 ±1.10 -24.9 -218.4
K* 3.51 ±0.03 -20.04 ±0.07 -23.21 ±0.86 -10.6 -205.2
«-Butyl p-te/*/-butylcalix[4]arene tetraethanoate 
Aœtonitrile
Li+ 6.21 ±0.01 -35.45 ±0.02 -46.30 ± 1.00 -36.4 -252.3
Na+ 7.67 ±0.03 -43.78 ±0.07 -67.80 ± 1.00 -80.6 -214.2
K+ 2.05 ±0.03 -11.67 ±0.20 -26.91 ± 1.54 -51.0 -187.0
Benzonitrile 1
Li+ 6.09 ±0.02 -34.76 ±0.05 -56.70 ±0.78 -73.6 -237.6
Na^ 7.44 ±0.03 -42.47 ±0.07 -50.70 ± 1.33 -27.6 -218.4
K+ 3.48 ±0.06 -19.86 ±0.15 -24.30 ±0.33 -14.9 -205.2
Results obtained from titration microcaloiimetry,* ^ ’ *UV spectrophotometric data by McKervey.95
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With the aim of gaining further understanding of the complexation of alkyl (methyl, 
ethyl and «-butyl) /?-terf-butylcalix[4]arene esters and alkali-metal cation in acetonitrile 
and benzonitrile at 298,15 K, solution thermodynamics of the host, the guest and the 
resulting complex were investigated by Danil de Namor and coworkers. The 
extensive solvation of ethyl /7-ter/-butylcalix[4]arene tetraehtanoate in benzonitrile 
made it difficult to obtain the standard Gibbs energy of this ligand in this solvent. Thus 
it was concluded that benzonitrile is a better solvating medium for this ligand than 
acetonitrile. According to Danil de Namor et al, interpretation based solely on Gibbs 
energy data can be misleading and therefore, these authors carried out calorimetric 
measurements to derive the standard enthalpies of solution of two complexes, lithium 
([LilEtCaIix[4 ]]Ci0 4 ) and sodium (Na^tCalix[4]]C104’) ethyl p-tert- 
butylcalix[4]arene perchlorates and compare these data with the heat of solution of 
NaC1 0 4  and LiC1 0 4  in acetonitrile and in benzonitrile at 298.15 K (Table 1.11). 
These results suggested that the desolvation of (Na^tCalix[4]) is enthalpically more 
favoured than the uncomplexed Na^ in both solvents. This is attributed to the lower 
energy required to overcome the crystal lattice for the former relative to the latter. 
However, the opposite behaviour was observed for lithium. Transfer enthalpies from 
acetonitrile to benzonitrile for the ligand, metal cations and their complexes concluded 
that the more favourable enthalpy of complexation of Na^ and EtCalix[4] in acetonitrile 
compared to benzonitrile is largely influenced by the higher enthalpic stability of 
(Na^tCalix[4]) in the former relative to the latter solvent. Also, the more favourable 
enthalpy of complexation of and EtCalix[4] in benzonitrile relative to acetonitrile is 
mainly due to the unfavourable solvation of L f  in the former relative to the latter 
solvent.
In order to gain more information about interactions in the solid state and to check the 
accuracy of the solution data obtained, the same authors reported the enthalpies of 
coordination, AcooidH® for ethyl p-^err-butylcalix[4]arene tetraethanoate and lithium and 
sodium perchlorates derived from data in acetonitrile and in benzonitrile at 298.15 K 
(Table 1.11) using the following thermodynamic cycle.
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M"C104‘(so1) + EtCalix[4](sol)
AcoordH”
(MlEtCalix[4])C104‘(sol)
A.IT A.H"
A j r
M"(s) + C104'(s) + EtCalix[4](s)
A,H°
(\rEtCalix[4])(s) + C104'(s)
1.12
The results show that the stability in enthalpic terms in the solid state of lithium with 
ethyl /?-/er/-butylcalix[4]arene tetraethanoate is higher than the corresponding data for 
sodium and the same calixarene. This was explained on the basis that the higher is the 
interaction between the ligand and the metal possibly due to the cation being more 
shielded by the ligand and consequently, the electrostatic cation-anion interactions 
reduced.
By incorporating soft donor atoms such as sulphur and nitrogen to p-tert- 
butylcalix[4]arenes, heavy metal cations were complexed.^’’*^* Shinkai and 
coworkers^^^ synthesised calix[n]arene (n = 4,6) bearing hydroxymate (CH2CONHOH) 
and dimethylamino [CH2CONH(CH2)2N(CH3)2] groups at the lower rim. The former 
ligand was used for the extraction Fe^ % Cu^ *^  and Pd^  ^from water into chloroform at 
30°C and at pH 5.4. The latter ligand extracts Pd^  ^ and Pt^  ^ from water into 
chloroform at 30“C and particularly at pH 2.2. Thioether and thioamide p-iert- 
butylcalix[4]arenes (Fig. 1.48) were used in chemically modified field effect transistors 
(CHEMFET) and in silver-selective membrane electrodes respectively. These ligands 
interact with silver ions in aqueous solution in the presence of other metal cations.^’^ ^^  
However, little has been reported regarding the thermodynamics associated with the 
interaction of these ligands and these metal cations.
CH,-CH,-S-CH,
Fig. 1.48. Structures of thioether and thioamide/7-teif-butylcaIix[4]arene.
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Table 1.10. Solution enthalpies of alkyl /7-tert-butylcalix[4]arene tetraethanoate in 
acetonitrile and benzonitrile. Derived enthalpies of transfer from acetonitrile at 
298.15
Calix[4]arene esters* A sir/kJm or^ Atir/kJmol*'
Acetonitrile Benzonitrile (MeCN-+PhCN)
Me Calix[4] 25.03+0.33 17.51 ±0.20 -7.52
Et Calix[4] 22.67 ±17 14.03 ±0.10 -8.64
«-Bu Cailix[4] 20.80 ±3.2 1 2 . 2 0  ±0.08 -8.60
* Me Calix[4], Et Calix[4] and w-Bu Calix[4] denote methyl, ethy and n-butyl p-tert-
butylcalix[4]arene tetraethanoate respectively. MeCN and PhCN denote acetonitrile 
and benzonitrile respectively.
Table 1.11. Enthalpies of coordination (kJ mol^) of ethyl p-te/t-butylcalix[4]arene 
tetraethanoate lithium and sodium perchlorates in acetonitrile and benzonitrile
at 298.15 K. 120
AsH”
kJ mol'^
AgHvkJ mol'*
Lf+EtCalix[4]
AcoorfH**/kJ mol *
LiC104+EtCalix[4]
solvent* LiC104 EtCalix[4] (Li^tCalix[4])C104' (solution) (solid state)
MeCN -43.26 22.64 -9.17 -48.78 -60.23
PhCN -27.32 14.03 -10.12 -57.20 -60.07
AsH"
kJ mol'^
AcH^ kJ mol'*
Na^+BtCalix[4]
AcoorfH^ moi'i
NaCI04+EtCalix[4]
NaC104 EtCalix[4] (Na"EtCalix[4])a04‘ (solution) (solid state)
MeCN -17.28 22.64 -34.62 -69.20 -29.19
PhCN -10.42 14.03 -12.70 -50.70 -34.39
MeCN and PhCN denote acetonitrile and benzonitrile; respectively.
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Recently, several studies have been reported on the ability of di and tetra phosphino p- 
/err-butylcalix[4]arenes (Fig. 1.49) in their cone conformation to coordinate with 
transition metal cations Gold(I), Palladium(II), Platinum(H) and Copper(I). The 
isolation of metallic complexes proved that these ligands can bind metal cations either 
in a monodentate or a bidentate fashion.
P-(Ph)-
Fig 1.49. Structure of tetra phosphino p-teit-butylcaix[4]arene.
Since this thesis is concerned with the /7-fer/-butylcaIix[4]arene amide derivatives , the 
progress made in this regard is now discussed
1.3.6.4. Calixarene amides.
With the aim of Anther improving the binding ability of calixarenes towards alkali and 
alkaline-earth metal cations, /?-/er/-butylcalix[4]arene amides were first synthesised by 
Ungaro and coworkers.^ These ligands are among the most widely used calixarene 
derivatives due to i) their high complexation ability toward alkali and alkaline-earth 
metal cations, which appears to be greater than that involving the esters derivatives.*^® 
if) Their high extraction properties for lanthanide metal cations*^  ^and iii) Their ability 
for binding anionic guest species through hydrogen bond donor sites.®^ ’*^®
1.3.6.5. Preparative methods used for the synthesis of calixarene amides.
Two different methods have been used for the preparation of /?-ter/-butylcalix[4]arene 
amides in cone conformations. These are discussed as follows,
i) Ungaro and coworkers^ synthesised / 7-ter/-butylcalix[4 ]arene tetradiethylacetamide 
in excellent yields by reacting the parent calixarene with 2-chloro-N,N- 
diethylacetamide in tetrahydrofiiran:dimethylformamide mixture (5:1) in the presence 
of sodium hydride under reflux and under an inert atmosphere of N2  (Scheme 1.50).
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OH
NaH, CICHzCONEtz 
T H F -D M F ,75°C
C H ,-C HCH2 C-N<CH2-CH3
Scheme 1.50. Synthesis of amide derivatives of / 7-/ert->butylca!ix[4 ]arene.
ii) McKervey and coworkers^^^ obtained p*-ter/-butylcalbc[4]arene tetraacetamides by 
treating / 7-ferr-butylcalix[4 ]arene tetraacidchloride with the appropriate N,N- 
alkylamine in benzene at room temperature as shown in Scheme 1.51.
NHRg
Benzene
4
Scheme 1.51.0-functionalisation with amide units (R = alkyl groups).
The extraction ability of a variety of /?-/ert-butylcaIbc[4]arene tetraacetamides towards 
alkali and some alkaline-earth metal picrates at 2 0  °C from water to dichloromethane 
was studied by McKervey and coworkers. Remarkable decrease were observed in 
the extraction of derivatives bearing substituents containing multiple bonds such as 
allyl or propagyl, or with cyclic structures like benzyl or pyrrolidinyl in comparison 
with alkyl substituent derivatives. The steric properties of the latter and the electron 
withdrawing character of the former may account for these observations.
Recent studies by McKervey and coworkers*^® reported that /?-ter/-butylcalix[4]arene 
tetraacetamides are efficient receptors for the transport of alkali-metal thiocyanates 
(Li% K \ Rb^ and Cs^ at 2 0  ”C from an aqueous source solution to an aqueous 
receiving solution through an organic (dichloromethane) medium. However, it is much 
less efficient than alkali-metal picrate salts. According to these authors amide
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calix[4]arenes proved to be better carriers than ester calbc[4]arenes except for Na"" 
thiocyanate which was selectively transported by the latter ligands.
The low afiSnity for alkali and alkaline-earth metal cations observed by Chang and 
coworkers^^^ when using lower rim /?-/er^butylcalix[4]arene derivatives containing 
secondary amides (Fig. 1.52), was attributed to the intramolecular hydrogen bonding 
formation that may occur between the hydrogen and the oxygen of the amide binding 
sites.
Fig. 1.52. Structure of/7-tert>buty!calix[4]arene secondary amide (R=alkyl
group).
In addition, McKervey and coworkers^^®’*^  ^reported the thermodynamic parameters of 
complexation of alkali and alkaline-earth metal cations with /?-/er/-butylcalix[4 ]arene 
tetradiethylacetamide 1  and tetrapyrrolidinylamide 2  in their cone conformation in 
acetonitrile and methanol at 298.15 K. The results are summarised in Tables 1.12 and 
1.13. From stability constant data these ligands appear to be more efficient and slightly 
less selective for the complexation of alkali-metal cations in the same solvents than the 
corresponding ester derivatives. The stability order observed was Na^ > K^> Li  ^> Rb^ 
> C s\
oO
1 2 
Fig. 1.53. Structures ofp-terf-butylcalix[4|arene tetradiethylacetamide (1) and
tetrapyrrolidinylamide (2).
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In methanol, the enthalpy terms were found to be more favourable with 
tetradiethylacetamide calix[4 ]arene 1  (AcH° more negative), whereas the entropy terms 
were more favourable with tetrapyrrolidinylamide 2 (AcS° more positive). Thus, the 
higher stability of the alkali-metal complexes of 1  as compared with their homologues 
of 2  is of enthalpic origin. Comparison of thermodynamic parameters of 
tetradiethylacetamide calix[4]arene 1 and alkali-metal cations in methanol and in 
acetonitrile shows that, the stability of the complexes was higher (AcG“ more negative) 
in the latter than in the former solvent. The same trend was also observed in terms of 
enthalpy values (more favourable in acetonitrile than in methanol), whereas the entropy 
values were low in methanol (AcS° less positive) and becoming even unfavourable 
(AcS° more negative) in acetonitrile. These effects were mainly attributed to the 
interactions between the carbonyl groups of the amide calix[4]arene with the solvent, 
which according to molecular simulation studies^^  ^seem to be higher in methanol than 
in acetonitrile. Accordingly, the cation-ligand interactions are more favoured in 
acetonitrile over the cation-solvent and ligand-solvent interactions resulting in more 
favourable enthalpies.
The tetraamide calix[4]arenes (Scheme 1.51) exhibit a very remarkable complexing 
ability towards alkaline-earth metal cations in methanol at 298.15 K with highest 
stability for Ca^ "^  and Sr^  ^ ions. According to the authors the Ca^ /^Mg^  ^ selectivity (> 
7.8 units) is the highest ever found for neutral ligands. The tetradiethylacetamide 
calix[4]arene (1) has a higher stability constant with alkaline-earth metal cations in 
methanol than the tetrapyrrolidinylamide (2 ). This was attributed to the higher rigidity 
of pyrrolidinylamide which responds less easily to the conformational changes 
associated with the complexation process. The similarity in the ionic radii for Na"^  and 
Ca^  ^(0.95 and 0.99 Â respectively) reflected in their selectivity shown by both amides 
for these cations appear to be related to cation size effect.
Enthalpies of complexation of tetradiethylacetamide and tetrapyrrolidinylamide 
calix[4]arene with alkaline-earth metal cations were found to be lower than those 
observed for alkali-metal cations in methanol. This was explained by the importance 
role of solvation of alkaline-earth metal cations in methanol. Accordingly, the high
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number of solvent molecules released from the metal cations upon complexation 
resulted in high values of entropy which made the complexation process entropically 
controlled. However, no information was given regarding the solvation properties of 
these ligands and their metal-ion complexes which are likely to contribute to the 
complexation process.
The complexes of lanthanide metal ions (Tb^  ^ and Eu^^ with calix[4]arene bearing 
three amide groups at the lower rim were isolated by Shinkai and coworkers. These 
complexes provided useful energy-transfer luminescence compounds. Later, Beer and 
coworkers^^^ reported the isolation and X-ray crystallography of several lanthanide 
complexes of the disubstituted /?-^erf-butylcalix[4]arene diethylacetamide. These 
complexes were found to be encapsulated in the polar environment of the lower rim. 
The same authors, also reported the high extraction ability of disubstituted p-terU 
butylcalix[4]arene diethylacetamide towards lanthanide picrate salts into 
dichloromethane at 22 °C and at pH = 5.8. According to the authors this may be 
attributed to the lower rim lanthanide coordination sphere environment and lipophilic 
exrerior.
Recently, the complexes of /?-/er/-butylcalix[4]arene tetradiethylacetamide with Fe^ ,^ 
n P ,  Cu^^ , Zn^  ^and Pb^  ^metal cations were synthesised for the first time by Ogden 
and coworkers. The structure of the Pb^  ^ complex revealed that this cation 
coordinates with all eight oxygen atoms of the ligand while Zn^ ,^ Fe^  ^ and Cu^  ^ are 
strongly coordinated to the four carbonyl oxygen atoms while their interaction with the 
four ether oxygen atoms is relatively weak. The structure of the complex showed 
that the metal cation is placed closer to the three ether and the three carbonyl oxygens 
than to the fourth ones in a distorted octahedral environment (Fig 1.54). Molecular- 
mechanics calculations carried out by the same authors were found to be compatible 
with the results obtained above with the observation that the calix[4]arene tetraamide 
is capable of complexing a wide range of metal cations of different sizes. However, the 
larger metal cations such as and Pb^  ^ are the only suitable cations for the polar 
environment with eight equivalent M — O distances.
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Table 1.12. Thermodynamic parameters of complexation of alkali metal cations with 
tetraamide calix[4]arenes 1 and 2 in methanol and acetonitrile at 298.15
Cation logKs AcG“/kJmor^ AjT/kJ mol' AcS7JK*' mol '
/7-/e/*/-butylcalix[4]arene tetradiethylacetamide 
Methanol
Li" 4.1 ±0.2 -22.2 ±0.6 -7 ±2 50 ±10
Na" 7.9 ±0.1 -45.0 ± 0.6 -50.6 ±0.8 -20 ±3
K" 5.8 ±0.1 -33.1 ±0.6 -42.4 ±0.2 -31 ±3
Rb" 3.8 ±0,1 -21.6 ±0.6 -17.5 ±0.8 13±3
Cs" 2.5 ±0.1 -14 ±1 -9 ±3 17 ±13
Acetonitrile
Li" S8.5 a -48.4 -55 ±2 a -22
Na" S8.5 S-48.4 -79 ±4 ^-103
K" à 8.5 ^^8.4 -64±2 ^-52
Rb" 5.7 ±0.1 -32.5 ±0.6 -37.2 ±0.8 -17 ±3
Cs" 3.5 ±0.1 -19.9 ±0.6 -26 ±2 -20 ± 10
p-/er/-butylcalix[4]arene tetrapyrrolidinylamide 
Methanol
Li" 3.0 ±0.05 -17.1 ±0.3 6 ± 1 77±3
Na" 7.2 ±0.05 -41.0 ±0.3 -34.3 ±0.8 23 ±3
K" 5.4 ±0.1 -30.8 ±0.6 -32.6 ±0.4 -6±3
Rb" 3.1 ±0.2 -17.1 ±0.6 -11.1 ±1 20 ±6
Cs" £1 — — -
Table 1.13. Thermodynamic parameters of complexation of alkaline-earth metal cations 
with tetraamide calix[4]arenes 1 and 2 in methanol at 298.15
Cation logKs AcG/ kJ mor' AcH/kJmbl' AcS/JK-'mol*'
/:>-ter/-butylcalix[4]arene tetradiethylacetamide
Mg'" 1.2 - -
Ca^ " 2:9.0 ^-51.3 -25.0 ± 0.5 S88.2
8f" a9.0 a -51.3 -10.0 ± 0.5 ai38.6
Ba^ " 7.2 ± 0.1 -41.0 ±0.6 2.5 ± 0.4 144 ±3
p-ter^-butylcalix[4]arene tetrapyrrolidinylamide
Mg'" 1.2 - - —
Ca^ " 7.8 ±0.1 -44.5 ± 0.6 -10.0 ± 0.5 116±3
Sr^ 8.1 ±0.1 ^6.2 ± 0.6 — -
Ba^ " 6.8 ± 0.1 -38.8 ± 0.6 7.7 ±0.8 196 ±3
54
Introduction
0 ( 153)
Fig. 1.54. X-Ray structure of nickel /7-fe/f-butylcalix[4]arene 
tetradiethylacetamide.
Wipff et.al^ ^  ^ have performed a series of molecular dynamic (MD) simulations of p~ 
/er^-butylcalix[4]arene tetradiethylacetamide and its complexes with alkali-metal 
cations in acetonitrile and in water. According to this study, the extent of the ligand 
wrapping around the complexed ions was dramatically perturbed as a result of 
changing the complexation medium. In acetonitrile, the oxygens of the lower rim cavity 
wrap around the cation in a closed-type form (converging orientation) whereas, in 
water an open-type conformer (diverging orientation) was observed as a result of 
substantial hydration of the carbonyl groups, which accordingly decreases the ligand 
binding properties towards metal cations. This finding is in good agreement with the 
experimental results obtained by McKervey and coworkers^^^ in similar systems. 
Later, simulation studies by the same authors*^  ^ showed that the alkaline-earth metal 
cation complexes are of close-type (converging orientation) in both solvents 
acetonitrile and water. This was mainly attributed to the conformational inflexibility of 
the complexes in these solvents. Moreover, simulation studies suggested that p-tert- 
butylcalix[4]arene tetradiethylacetamides are able to shield more efficiently alkaline- 
earth than alkali-metal cations in acetonitrile and in water.
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1.3.7. Applications of calixarenes and their derivatives.
The availability of calixarenes with various cavity sizes from inexpensive and readily 
available starting materials and their possible functionalisation led to a wide range of 
applications which are briefly described,
1.3.7.1. Recovery of Caesium.
The recovery of caesium at high concentration from solutions of nuclear waste 
materials has been achieved by Izatt and coworkers^^® using non-modified p-tert- 
butylcalix[8 ]arene (ImM) dissolved in a mixture of dichloromethane and carbon 
tetrachloride. This mixture acts as a liquid membrane allowing caesium ions to migrate 
from the aqueous phase (containing different metal ions as products of uranium 
splitting) through the organic phase and then to the distilled and deionised water phase. 
As indicated in Table 1.14, the transport rate of Cs  ^was about hundred times higher 
than that for N a\ K% and L f  and six times higher than Rb"^  using aqueous metal 
hydroxides.®^ ’®^
1.3.7.2. Recovery of Uranium.
The recovery of uranium from aqueous solution by suitably modified calixarenes was 
described in several patents.^^ However, the “super uranophile” introduced by Shinkai 
and coworkers^^^as hexaacid calix[6 ]arene (Fig 1.55) was the most effective derivative 
used to extract uranium from sea water. Thus, at pH = 10.0, 99.8% of uranium was 
extracted from the aqueous phase to dichlorobenzene in the presence of this 
macrocycle.
CH,
/
CHô-C-OH
O
Fig. 1.55. Structure of the calix[6]arene hexaacid.
The high extractibility was attributed to the preorganised hexacoordination geometry 
provided by the calix[6 ]arene to accommodate uranyl ions (UOz^^ selectively.
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Table 1.14. Ion transport rate through a liquid membrane containing p-tert- 
butylca!ix[8]arene at 298.15
Source phase Transport rate xlO’ ( moles / 24h )
LiOH 0.9
NaOH 1.5
KOH 1.7
RbOH 2 2
CsOH 130
Ca(0 H) 2 0.5
Sr(0 H> 2 0 . 1
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1.3.7.3. Ion selective electrodes.
Lipophilic calix[4]arenes carrying carbonyl groups have been used as polymeric 
membrane solution-selective electrodes for sodium. Because of the difficulties in the 
use of Na"*" selective glass electrodes for clinical purposes, more successful 
developments have been achieved using calix[4]arene derivatives dispersed in silicon 
rubber membranes, that afforded high performance and reliable sodium assay in human 
body fluids such as blood, serum and urine.
Recent studies using membranes containing calix[4]arene tetrathioamide (Fig. 1.56) 
demonstrated a higher selectivity for lead relative to other metal cations to the extent 
that these systems appear to be far more efficient than the commercial solid-state lead 
selective electrode.
CH  ^
CK
Fig. 1.56. Structure of j7-tert-butylcalix[4]arene tetrathioamide.
Furthermore, polymeric membrane electrodes based on calixarene esters were 
developed successfully with prominent selective properties for the determination of 
aldehydes such as heptanal at very low concentrations. This selective electrode system 
demonstrated a high degree of discriminating power towards different aldehydes.
13.7.4. Pollution control.
Using the results described previously by several authors,^^’*^*’^ ^^  fiinctionalised 
calixarenes containing sulphur and nitrogen donor atoms can efficiently and selectively 
bind environmentally pollutant metal cations such as Hg^ ,^ Cd^  ^ and Pb^  ^ (Figs. 
1.48,1.56).
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13.7.5. Other applications.
There are numerous other applications which demonstrate the wealth of this type of 
macrocycles. Among them, are the use of calixarenes for the separation of neutral 
organic molecules, as phase transfer agents, accelerators for instant adhesives and ion 
scavengers for electronic devices.^^’^ ®^
Recently, the water soluble /?-sulphonated calix[8]arene labelled with was injected 
to rats. The hydrosoluble calix[8]arene distribution in the organism was quantitatively 
assessed. This finding could lead to the use of this ligand as radiopharmaceutical for 
either diagnostic or therapeutic purposes.
1.3.8. Polymer-bound calixarenes.
The selectivity of certain functionalised calixarenes for particular cations was explored 
previously by different techniques. Among these, extraction processes or membrane 
systems were used for the separation of ions and neutral molecules. The latter 
technique has experienced a steady loss of the ligand fi*om the membrane or the 
organic layer containing calixarene during the process. To overcome this problem 
various derivatised calixarenes have been attached to a polymeric backbone in such a 
way that their inherent properties remain unchanged.
The attachment of calixarenes into a polymeric backbone was carried out by Harris and 
co-workers '^*  ^using both, lower and upper rim derivatives as discussed below,
I.3.8.I. Lower rim polymerisation.
This type of polymerisation was performed by using either /) the phenolic groups of 
calixarenes, which were bound to polymers with reactive halogens (Merrifield 
polymer) to produce a polymeric resin linked via ether linkage (Fig. 1.57), or ii) 
functionalisation of phenolic hydrogens by allyloxy groups using H2PtCl6 as shown in 
Scheme 1.58.
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CH— CH CH— CH CH— CH
CH2
Fig. 1.57. Merrifîeld polymer linked to p-tert-butylcalixarene diethylester via
phenolic groups.
HS-&SH
\ / \
HjPCI,
AA AA
Scheme 1.58. Polymerisation of calixarenes via the lower rim allyloxy groups.
I.3.8.2. Upper rim polymerisation.
The removal of p-tert-hutyl groups from calixarenes has provided an excellent site for 
polymerisation since the active sites of complexation are not affected by this 
modification. Using Friedel-Crafts reactions, the cross-linked chloromethylated 
polystyrene (Merrifield) was introduced at the para-position as shown in Scheme 
1.59.
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CH;—  CH CH:— CH CHt ~  CH-
0 0
CHa CH-CHz1Cl ÇH2 r
_1_ I
O-CH2 Ç-0-CH2-CH3I I
AICI,
O
CH3NO2
CH— ÇH CH— CH CH— CH 
O-CHfC-O-CHf CH)
Scheme 1.59. Merrifîeld polymer bound calixarene at the ^ nrn-position.
Using the same principles described for the synthesis of silica-bound crown ethers/'*'* 
silica-gel bound calixarenes were synthesised via the allyl groups at the para-position 
as shown in Fig. 1.60.
0-CH2-C-0-CH2-CH3
o
Fig. 1.60. Silica-gel bound calixarene via allyl groups at the para-position.
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While the complexing ability of the macrocycle is not altered in silica-bound 
macrocycles, a considerable change in their properties were observed as a result to the 
attachment to hydrocarbon polymers/'*^ A representative example is found in the 
increase observed in Fe^  ^extraction by a polymeric resin containing calix[4]arene (Fig. 
1.61) at pH 2.2 (82%) relative to the same calix[4]arene in chloroform-water system 
(7% at pH 2.2)^^’
ClICH.
CHj-CH-OCH^HO^^CHg-CH— CH^
Fig. 1.61. Polym eric calix[4]arene w ith  selectiv ity fo r  Fe^^.
In addition, Shinkai and co-workers*^ have succeeded in synthesising p- 
sulphonylcalix[6 ]arene attached to poly(ethylenimene) (Fig. 1.62). This polymer binds 
efficiently and selectively at pH 7.0 and at 298.15 K.
OH QH
-CM
CM
SO;
NH
Fig. 1.62. Polym eric resin  im m obilising calix[6]arene-based uranoph iles .
One of the oldest and most common methods for the preparation of functionalised 
polymers is the condensation of functionalised phenols with formaldehyde leading to 
several chelating resins with selectivity towards certain metal cations. Thus, 4- 
aminosalicylic acid condenses with formaldehyde to give a granular polymer (Fig. 
1.63) with selectivity for Cu(l) over Zn(ll) and Mn(H) in alkaline media.*"*’
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Fig. 1.63. S tru c tu re  o f  4-am inosalicylic acid  polym er.
By optimising the reaction conditions, and making use of the unsubstituted / 7-position 
of functionalised calixarenes, very promising techniques can be developed for obtaining 
polymeric calixarenes.
Having outlined some of the research being carried out in the field of calixarene 
chemistry, the following section states the aims of the present investigation.
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1.4 Aims of the present work
The separation of ’®*T1 from is a prerequisite in the isolation of ’®*TI from 
irradiated ’^^ Tl. Cation exchange resins and extraction methods are currently used for 
the separation of the two isotopes. These operations are time consuming (three hours) 
and involve unnecessary radiation exposure. Previous work*"*^  based on ion selective 
experiments has shown that certain acetamide derivatives behave as lead selective 
carriers. The observed selectivity is likely to result from chelation of the metal cation 
by the amide groups of the macrocycle. Therefore, this project will explore the use of 
acetamide analogues of calixarenes in an attempt to achieve an efficient separation of 
the two radionuclides in a shorter time with a better yield and a minimised exposure to 
radiation.
Similar procedures will be attempted for the separation of the following radionuclides,
1- Indium ( ***In ) from Cadmium ( **’Cd ).
2 - Gallium ( ’^Oa ) from Zinc ( ^*Zn ).
In order to achieve these aims, the program of research is summarised as follows,
1- Synthesis and Characterisation of calix[4]arene amide derivatives
Lower rim derivatives containing amide groups will be synthesised using different 
approaches in order to maximise the yields obtained so costs are minimised. UV, IR 
spectroscopy, *H NMR and microanalysis will be used for the characterisation of these 
ligands. Attempts will be made to incorporate these ligands into polymeric 
frameworks.
2- Complexation of calix[4]arene amide derivatives and metal cations
UV spectrophotometry will be used to investigate ligand-cation interactions in solution 
and whenever possible, to determine the stoichiometry of the metal-ion complexes.
A thermodynamic approach will be used to assess quantitatively the strength of 
interaction between these ligands and metal cations in solution. Depending on the 
magnitude of the stability constant (log Kg), the appropriate method will be selected.
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The thermodynamic origin of complex stability will be investigated using titration 
microcalorimetry since this technique is far more sensitive than classical calorimetry. In 
addition, low concentration of electrolytes can be used and slow processes can be 
investigated.
In order to investigate the role of the solvation of the host, the guest and the complex, 
attempts will be made to proceed with the thermodynamic characterisation of these 
species in solution. Based on stability constant data, metal-ion complex salts will be 
isolated.
3- Separation of and
The results obtained from thermodynamics will be used to explore the use of calixarene 
amide derivatives for the separation of ’®*T1 and ’’**Pb and if successful, comparison 
will be made with techniques currently used.
4- Preparation of polymeric material containing calix[4]arene amide 
as the anchor groups
Polymerisation of these ligands will be carried out through the para position in such a 
way that the binding properties of these ligands are not affected. Attempts to 
characterise the polymer by infrared spectroscopy will be made. The applications of the 
polymer for the separation of radioisotopes and its regeneration will be explored.
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2. EXPERIMENTAL.
2.1. Reagents.
Toluene (Fisher reagent, 99%) was placed in a round bottomed flask fitted with a 
reflux condenser protected by a drying tube containing calcium chloride. Sodium metal 
chunks were added to the solution and refluxed for one hour. It was then distilled and 
the middle fraction collected over activated molecular sieves A4.*"*®
Acetone (Fisher reagent, 99%) was placed in a round bottomed flask fitted with a 
reflux condenser protected by a drying tube containing calcium chloride. Potassium 
carbonate (K2CO3 anhydrous) was added and the mixture refluxed for three hours. It 
was then distilled and the middle fraction was collected over activated molecular sieves 
A4.*"*® The water content of the solvent was checked by the Karl Fisher titration 
technique and was found to be less than 0.03%.
Methanol (Fisher reagent, 99%) was placed in a round bottomed flask fitted with a 
reflux condenser protected by a calcium chloride drying tube. Then magnesium and 
iodine were added. The mixture was refluxed for two hours after which a portion of 
methanol was added to the mixture and refluxing was continued for additional one 
hour. It was then distilled and the middle fraction collected over activated molecular 
sieves A4.*"*® The water content of the solvent was checked by the Karl Fisher titration 
technique and was found to be less than 0 .0 2 %.
Acetonitrile (Aldrich reagent, 99% purity) was refluxed over calcium hydride (CaH2) 
in à round bottomed flask fitted with a reflux condenser protected by a drying tube 
containing calcium chloride. The mixture was refluxed under a nitrogen atmosphere 
until no fiirther hydrogen was evolved. It was then distilled and the middle fraction 
collected over activated molecular sieves 4A.*"*®
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Tetrahydrofliran (Aldrich reagent, 99%) was refluxed with potassium hydroxide for 
one hour and the refluxed solvent was transferred to a round bottomed flask charged 
with potassium metal and benzophenone. The mixture was refluxed under a nitrogen 
atmosphere until it developed a deep blue colour. It was then distilled and the middle 
fraction collected over activated molecular sieves 4A.*^ °
/?-^cr^-Butylcalix[4]arene (Aldrich, 25g) was dissolved in dry toluene (300 ml). The 
mixture was refluxed for two hours. It was then filtered and the filtrate left at room 
temperature for several days until crystals were formed. The crystals were isolated and 
dried at 140°C under high vacuum for 48 hours.’  ^Microanalysis was carried out at the 
University of Surrey. Found (C, 81.34, H, 8.70 %) calculated for C44 H56 O4 (C, 81.43, 
H, 8.70 %).
Butan-l-ol, N,N-dimethylformamide, hexane, chloroform, dichloromethane, ethyl 
ether, ethyl acetate, ethanol and isopropyl ether (AR) were purchased from Fisons and 
used without fiirther purification.
Bromoacetylbromide (>98 %), N,N-diisopropylamine (>98%), N,N-diisobutylamine 
(>98 %), N-isopropylamine (>98 %), N-isobutylamine (> 98%) and
tetrabutylammonium perchlorate (BU4NCIO4) were purchased from Fluka, and used 
without any further purification. Tetraethylammonium perchlorate (Et4NC1 0 4  Fluka) 
was recrystallised from water and then, dried under vacuum for 24 hours at 60“C.
Metal cation salts as perchlorates [lithium(I), sodium(I), potassium(I), rubidium(I), 
caesium(I) and siiver(I)] or chlorides [thallium(I) and thallium(III)], gallium(III) 
nitrate, sodium hydride, potassium carbonate, sodium hydroxide, 2 -chloroethyl methyl 
sulphide, diethyl chlorothiophosphate, 2 -diethylaminoethyl chloride hydrochloride, 
tetrapentylammonium bromide and 18-crown-6 (18C6) were purchased from Aldrich. 
Indium chloride, formic acid (97%) and formaldehyde (37%) were purchased from 
BDH and lead, cadmium and zinc perchlorates were purchased from Johnson Matthey. 
The content of lead(II), cadmium(II), zinc(II), thallium(I), thailium(III), indium(III)
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and gallium(III) was checked either by complexometric EDTA titration or by using the 
Finnigan ICP/GD-MS technique. The analytical procedures used for these 
determination are described as follows.
2.1.1. The determination of lead(II) by complexometric titration with 
EDTA.
Lead was determined by complexometric titration with ethylenediaminetetraacetic acid 
in alkaline medium (pH 1 0 ) using a buffer solution (NH4OH/NH4CI) and Eriochrome 
Black T (1% in sodium chloride) as the indicator. Tartaric acid was added to the 
solution to avoid the precipitation of lead(II) in alkaline medium.*^*
Procedure:
A volume (2.0 ml) of lead(H) solution (0.05 mol dm‘^ ) was placed in a conical flask 
and deionised water (20 ml) was added. This was followed by the addition of tartaric 
acid. After the mixture was shaken, the buffer solution (3 ml) and the indicator (50 mg) 
were added. The solution was then titrated with an aqueous standard solution of 
EDTA (0.005 mol dm'^) until the colour changed from red to blue.
2+1 mole of EDTA = 1 mole Pb
2.1.2. The determination of cadmium(ll) by complexometric titration 
with EDTA.
Cadmium was determined by complexometric titration with ethylenediaminetetraacetic 
acid in alkaline medium (pH 1 0 ) using a buffer solution (NH4OH/NH4CI) and 
Eriochrome Black T (1% in sodium chloride) as the indicator.***
Procedure:
A volume (2.0 ml) of cadmium(n) solution (0.05 mol dm'^) was placed in a conical 
flask and deionised water (20 ml) was added. This was followed by the addition of the 
buffer solution (3 ml) and the indicator (50 mg). The solution was then titrated with an
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aqueous standard solution of EDTA (0.005 mol dm'^) until the colour changed from 
red to blue.
1 mole of EDTA = 1 mole Cd’^
2.1.3. The determination of zinc(II) by complexometric titration with 
EDTA.
Zinc was determined by complexometric titration with ethylenediaminetetraacetic acid 
in alkaline medium (pH 1 0 ) using a buffer solution (NH4OH/NH4CI) and Eriochrome 
Black T (1% in sodium chloride) as the indicator.***
Procedure:
A volume (2.0 ml) of zinc(II) solution (0.05 mol dm’^ ) was placed in a conical flask 
and deionised water (20 ml) was added. This was followed by the addition of the 
buffer solution (3 ml) and the indicator (50 mg). The solution was then titrated with an 
aqueous standard solution of EDTA (0.005 mol dm'^) until the colour changed from 
red to blue.
1 mole of EDTA = 1 mole Zn^^
2.1.4. The determination of thallium(Ill) by complexometric titration 
with EDTA.
Thallium was determined by complexometric titration with ethylenediaminetetraacetic 
acid in relatively acidic medium (pH 4-5) and xylenol orange as the indicator. **^
Procedure:
Thallium(ni) chloride was dissolved in boiling aqua regia (0.001 mol dm' ,^ 5 ml) and 
deionised water (20 ml) was added. The pH was adjusted to 4-5 with ammonium 
acetate and xylenol orange (50 mg) was added. The solution was then titrated with an
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aqueous standard solution of EDTA (0.005 mol dm'^) until the colour changed from 
purple to yellow.
1 mole of EDTA = 1 mole TP^
2.1.5. Inductively coupled plasma-mass spectrometry (ICP-MS).
Due to the complexities involved in the determination of Thallium(I), Indium(III) and 
Gallium(III) metal cations using the EDTA titration technique, the ICP-MS technique 
was used.
ICP-MS can be briefly described as an instrument that produces positively single 
charged ions. These are separated according to their mass-to-charge ratio using a 
quadrupole mass analyser. The detected signal for a specific ion is directly related to 
the concentration of this ion in the sample.**^
2.1.5.1. D e te rm ina tion  o f  thallium (I).
A volume of thallium(I) solution (0.246 iig/ml) was prepared by diluting a 1.0 ml of 
the stock solution (24.6 pg/ml) in deionised water (100 ml). This sample was analysed 
by ICP-MS with respect to Tl’®^ and Tp* isotope to give 99 % purity.
2.1.5.2. D eterm ina tion  o f  gallium (III).
A gallium(III) solution (0.20 pg/ml) was prepared by diluting a 0.782 ml of the stock 
solution (25.6 pg/ml) in deionised water (100 ml). This sample was analysed by ICP- 
MS with respect to Ga*® and Ga’* isotopes to give 99 % purity.
2.1.5.3. D eterm ina tion  o f In d iu m (lII) .
Indium(m) solution (0.20 pg/ml) was prepared by diluting a 0.727 ml of the stock 
solution (27.5 pg/ml) in deionised water (100 ml). This sample was analysed by the 
ICP-MS with respect to In**^  and In*** isotopes to give 98 % purity.
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2.2. Apparatus used.
'H  NMR measurements were performed using a BRUKER 300 MHz with 
tetramethylsilane as the internal standard. A Perkin Elmer 2000 T-IR was used for 
infrared measurements. Microanalysis were performed at the Chemistry Department 
University of Surrey and at the King Saud University, Riyadh, or the determination of 
melting points, a Mettler P61 or Kofler equipment«were used, or all forms of thin 
layer chromatographic analysis, Merck Kieselgel 60 254 silica gel was used.
2.3. Synthesis of amide/;-f^r/‘-butylcaIix[4]arenes.
Amide / 7-/crr-butylcalix[4 ]arenes were synthesised in two steps consisting of the 
following,
/) The preparation of the halo-acetamide through a direct reaction between a primary 
or secondary amine and an acyl halide at low temperature.
ii) The alkylation of the phenolic hydrogen of /?-/er/-butylcalix[4]arene by the tertiary 
and the secondary halo-acetamide.
2.3.1. Synthesis of bromo-acetamides.
2 .3 1 .1 . Synthesis o f 2 -brom o-N ,N -diisopropylacetam ide [L-1].**"*’***
In a 500 ml three necked round bottomed flask equipped with a thermometer, a 
magnetic stirrer and a dropping funnel containing a solution of diisopropylamine (64 
ml, 0.46 mol) in chloroform (200 ml), bromoacetylbromide (20 ml, 0.23 mol) in 
chloroform (100 ml) was added dropwise at -10 “C during a period of 5-10 minutes. 
After stirring for five additional minutes, the mixture was filtered under vacuum to 
remove the crystallised amine-hydrobromide. The filtrate was then washed with diluted 
HCl (3 X 50 ml) followed by a 2% aqueous solution of NaHCOa (2x50 ml). The 
organic layer was then dried over anhydrous MgS0 4 . After removal of the solvent 
under reduced pressure, the oily residue was treated with the isopropyl ether and left in 
the refrigerator to allow for crystals formation. The isolated crystals were washed with 
cold hexane and dried under high vacuum for a period of 1 2  hours.
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The yield obtained was 44 % of a colourless crystals. Melting point 65-66 °C. 
Microanalysis found C, 43.2; H, 7.50; N, 6.33 %; calculated for CioHaoNOBr: C, 
43.23; H, 7.26; N, 6.31 %. Infrared (KBr) 1650 cm * (C=0), 1438 cm * (C-N) and 680
cm ' (C-Br). ‘h  NMR 5( CDCl3),1.26[d, 6 H, CHCCH,):], 1.39[d. 6 H, CHCCH;):]. 
3.44[m, IH, CH(CH3)2], 3.97[m, IH, CH(CH3)2] and 3.83[s ,2 H, CH2].
CH3  
0  CH
CH / C H 3  
CH;- I
2.3.I.2. Synthesis of 2-bromo-N,N-dnsobuty!acetamide [L-2 ], **"*’***
In a 250 ml three necked round bottomed flask equipped with a thermometer, a 
magnetic stirrer and a dropping fimnel containing diisobutylamine (40 ml, 0.23 mol) in 
chloroform (100 ml), bromoacetylbromide (10 ml, 0.115 mol) in chloroform (50 ml) 
was added dropwise at -10 ”C during a period of 5-10 minutes. After stirring for five 
additional minutes, the mixture was washed with diluted HCl (3 x 25 ml) followed by a 
2% aqueous solution of NaHCOa (2x25 ml). The organic layer was then dried over 
anhydrous MgS0 4 . After removal of the solvent under reduced pressure, a light yellow 
oily product was obtained in 71% yield. Microanalysis: ound C, 47.97; H, 8.04; N, 
5.43 %; Calculated for CioHzoNOBr: C, 48.0; H, 7.99; N, 5.39 %. Infrared (Nujol) 
1651 cm ' (C=0), 1427 cm ' (C-N) and 756 cm ' (C-Br). 'H  NMR 8 (CDCl3), 0.9[d, 
6 H, CH(CH3)2], 0.96[d, 6 H, CH(CH3)2], 1.95[m, IH, CH(CH3)2], 2.05[m, IH, 
CH(CH3)2], 3.09[d, 2H, CH2 -CH], 3.16[d, 2 H, CH2-CH] and 3.68[s, 2 H, CH2].
o /CH,-CH<
Br-CH,-C-N<(
CHj-Ch /  “/C H  
CH3
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2.3.1.3. Synthesis of 2-bromo-N-isopropylacetamide [L-3].
N-isopropylbromoacetamide [L-3] was prepared according the procedure used for 
N,N-disopropylbromoacetamide [L-1] using isopropylamine (43 ml, 0.46 mol).
The yield obtained was 84% of white crystals. Melting point 66-67 ®C. Microanalysis: 
ound C, 33.28; H, 5.92; N, 7.57 %; Calculated for CsHioNOBr: C, 33.34; H, 5.60; N, 
7.81 %. Infrared (KBr) 3286 cm '(N-H). 1646 cm '(C=0), 1457 cm"' (C-N) and 709 
cm"' (C-Br). 'H NM R 5 (CDCl3), 1.20[d, 6 H, CH(CH3)2]. 3.66[s, 2H, CHj], 4.07[m. 
IH, CH(CH3)2] and 6.32[b. s., IH, NH].
OI I  / C H 3
Br-CHg-C-NH-CH^
^O H s
2.3.1,4. Synthesis of 2-bromo-N-isobutylacetamide [L-4].
The procedure described in the synthesis of N,N-diisobutylbromoacetamide [L-2 ] was 
followed in the preparation of N-isobutylbromoacetamide [L-4] using isobutylamine 
(24 ml, 0.23 mol).
The yield obtained was 81% of white crystals. Melting point 37-38 °C. Microanalysis: 
ound C, 37.12; H, 6.60; N, 7.17 %; Calculated for CgH^NOBr: C, 37.12; H, 6.23; N, 
7.25 %. Infrared (KBr) 3291 cm * (N-H), 1644 cm * (C=0), 1427 cm"* (C-N) and 689 
cm"' (C-Br). 'H NMR 5 (CDCl3), 0.95[d, 6 H, CH(CH3)2], 1.82[m, IH, CH(CH3)2], 
3.13[t, 2H, NHCHi], 3.90[s, 2H, CH2] and 6.59[b. s., IH, NH]
0I I  / CH, 
\ C H ;
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2.3.2. Synthesis of/?-t^r/-butylcalix[4]arene tetraacetamides.
2.3.2.I. Synthesis of 5,ll»17,23-tetra-teit-butyl-25,26,27,28-
tetrakis[(dii$opropylcarbamoyl)methoxy]calix[4]arene [L-5a] or p-tert- 
butylcalix[4]arene tetradiisopropylacetamide.
CHa
CH
In order to obtain the best possible yield of the functionalised calix[4]arene in a short 
time, / 7-^er^-butylcalix[4 ]arene tetradiisopropylacetamide [L-5a] was synthesised by 
two different methods these are described as follows,
Method 1
In a three-necked round bottomed flask (500 ml) , / 7-^er/-butylcalix[4 ]arene (3.0 g, 4.6 
mmol) and K2CO3 (3.86 g, 28 mmol) were suspended in dry acetone (150 ml). The 
mixture was then refluxed for one hour under continuous stirring. This was followed 
by dropwise addition of 2-bromo-N,N-diisopropylacetamide (8 . 2  g, 37 mmol) 
dissolved in dry acetone (40 ml) for a period of half an hour. The reaction mixture was 
stirred and refluxed for 144 hours and monitored by TLC (thin layer chromatography) 
using hexaneiethyl acetate (8:2) as the developing solvent system. Then it was cooled 
down and filtered. The filtrate was washed with water (3 x 200 ml), and then extracted 
with dichloromethane. The organic layer was removed and the oily product was then 
treated with ethyl ether. The mixture was left for 2-3 days to crystallise. The isolated 
crystals were recrystallised using a methanol-chloroform solvent mixture. The white 
crystals obtained were dried for two days under reduced pressure and at 120 °C to 
furnish the pure compound L-5a in 44% yield.
Method 2^ ^^
In a three-necked round bottomed flask (250 ml),/?-/er^butylcalix[4]arene (2.0 g, 3.08 
mmol) and NaH (0.59 g, 24.5 mmol) were suspended in dry THF-DMF (5:1, 100 ml) 
The mixture was heated for 1 0  minutes under continuous stirring. This was followed
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by dropwise addition of 2-bromo-N,N-diisopropylacetamide (5.4 g, 24.4 mmol) 
dissolved in dry THF-DMF (5:1, 40 ml) for a period of 15 minutes. The reaction 
mixture was stirred and refluxed for five hours under nitrogen atmosphere and 
monitored by TLC using hexane:ethyl acetate (8 :2 ) as the developing solvent system. 
Then it was cooled down and most of the organic solvent removed. The oily residue 
was treated with water, then acidified and extracted with dichloromethane ( 2  x 2 0 0  
ml). The combined organic solutions were washed with water (3 x 200 ml), and the 
organic layer removed. The oily residue was then treated with ethyl ether and left for
2-3 days to crystallise. The isolated crystals were recrystallised using a methanol- 
chloroform mixture. The white crystals obtained were dried for 2 days under reduced 
pressure at 120 °C. The yield of the furnished compound was 62 %. Melting point 277- 
279 “C. Microanalysis: Found C, 75.31; H,9.87; N, 4.25 %; Calculated for 
C76H116N4O8 : C, 75.20; H, 9.63; N, 4.63 %. Infi'ared (KBr) 1640-1667 cm'  ^ (C=0), 
1445 cm ' (C-N) and 1200 cm ' (C-0). ’h  NMR 8 (CDCl3), 6.76[s, 2H, H™.,.], 5.36[d, 
IH, H„, Jab=12.8 Hz], 5,05[s, 2H, -O-CH2], 4.02[m, IH, CHCCH,);], 3.39[m, IH, 
CH(CH3)2], 3.17[d, IH, He,], 1.37[d, 6 H, CH(CH3)2], 1.12[d, 6 H, CH(CH3)2] and 
1.07[s, 9H, C(CH3)3].
2.3.2.2. Synthesis of 5,11,17,23-tetra-t^rr-butyl-25,26,27,28-
tetrakis[(diisobutylcarbamoyl)methoxy]calix[4]arene [L-5b] or p-tert- 
butylcalix[4]arene tetradiisobutylacetamide.
/CHs
CH2-C-N <' g f |5C^Hj-CHC;
The second procedure described in the synthesis of L-5a was followed in the 
synthesis of L-5b using 2-bromo-N,N-diisobutylacetamide (6 . 1  g, 24.5 mmol). The 
yield obtained was 56 % of a white crystals. Melting point 195-197 °C Microanalysis: 
Found C, 76.16; H, 10.43; N, 4.26 %; Calculated for C84H 132N4O8 : C, 76.13; H, 9.97;
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N, 4.23 %. Infrared (KBr) 1666 cm ' (C=0), 1467 cm ' (C-N) and 1206 cm ' (C-O). 
'H NMR 5 (CDCl3), 6.76[s, 2H, S.26[d, IH. H«<, Jab=12.9 Hz], 5.05[s, 2H, -O-
CHî], 3.15[d, 2H, CHj-CH], 3.09[d, IH, H^], 3.0[d, 2H, CHj-CH], 1.9[m, IH, 
CH(CH3)2], 1.60[m, IH, CH(CH3)2], 0.84[d, 6 H, CH(CH3);], 0.80[d, 6 H, CH(CH3)2] 
and 1.05[s, 9H, C(CH3)3].
2.3.23. Synthesis of 5,1 l>17,23-tetra-#ert-butyl-25,26,27,28-
tetrakis[(isopropylcarbamoyl)methoxy]calix[4]arene [L-ScJ or p-tert- 
butylcallx[4]arene tetraisopropylacetamide.
CH;
According to the second procedure used in the synthesis of [L-5a] p-tert- 
butylcalix[4]arene tetraisopropylacetamide, L-5c was prepared using 2-bromo-N- 
isopropylacetamide (4.5 g, 25 mmol), however longer period (7-8 hours) were needed 
to complete the reaction. The white crystals obtained were dried for 2  days under 
reduced pressure at 1 2 0  °C. The yield obtained was 20 %. Melting point >300 ®C. 
Microanalysis: Found C, 73.37; H, 9.12; N, 5.38 %; Calculated for C64H92N4O8 : C, 
73.53; H, 8.87; N, 5.36 %. Infrared (KBr) 3302 cm '(N-H), 1651 cm '(O O ), 1457 
cm ' (C-N) and 1198 cm ' (C-O). 'H NMR S(CDCl3), 7.20[d, IH, NH], 6.74[s, 2H,
H.nmL]. 4.47[s, 2H, O-CH2], 4.45[d, IH, H«, Jab=12.8 Hz], 4.19[m, IH, CH(CH3)2], 
3.20[d, IH, HU,] and 1.20[d, 6H, CH(CH3)2].
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2.3.2.4. Synthesis of 5,11,17,23-tetra-tert-butyI-25,26,27,28-
tetrakis[(isobutylcarbamoyl)niethoxy]caiix[4]arene [L-5d] or p-tert- 
butylcalix[4] arene tetraisobutylacetamide.
O II CHa
CH2-C-NH-CH2-CH<
^CHa
The second procedure described in the synthesis of L-5a was followed in the synthesis 
of LrSd using 2-bromo-N-isobutylacetamide (5.0 g, 25 mmol), however longer period 
(7 hours) were needed to complete the reaction. The white crystals obtained were 
dried for two days under reduced pressure at 120 °C. The yield of the fiimished 
compound was 18 %. Melting point >300 °C. Microanalysis: Found C, 74.11; H, 9.48; 
N, 5.07 %; Calculated for C68H100N4O8 : C, 74.14; H, 9.15; N, 5.09 %. Infrared (KBr) 
3 3 3 7  cm '  (N-H), 1653 cm"' (C=0), 1443 cm ' (C-N) and 1191 cm'* (C-O). *H NMR 
5(CDCls). 7.52[t, IH, NH], 6.76[s, 2H, H™.], 4.53[d, IH, H«c Jab=12.7 Hz], 4.51[s, 
2H, O-CH2], 3.25[d, IH, H J ,  3.18[t, IH, NH-CH2], 1.87[m, IH, CH(CH3)2], 1.07[s, 
9H, C(CHs)] and 0.91[d, 6 H, CH(CHs)2].
2.4. Synthesis of p-tert-butylcalix[4]arenes, thiophosphates 
and derivatives containing mixed functional groups.
Two different phase transfer catalysis"’"’"®''”  procedures were used for the synthesis 
of / 7-/er/-butylcalix[4 ]arenes thiophosphate and mixed functional groups. The 
procedure used are described as follows,
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2.4.1. Synthesis of 5,Il,17,23-tetra-ter/-butyl-25,26,27,28- 
tetrakis(diethylthiophosphate)calix[4] arene [L-6].
In a three-necked round bottomed flask (500 ml) equipped with magnetic stirrer and a 
condenser, /?-^er^butylcalix[4]arene (2.0 g, 3.08 mmol), tetrapentylammonium 
bromide (0.5 g, 1.3 mmol) and diethyl chlorothiophosphate (10 ml, 64 mmol) were 
suspended in dichloromethane (200 ml). The mixture was vigorously stirred. This was 
followed by dropwise addition of sodium hydroxide (50%, 1 0 0  ml). The reaction 
mixture was refluxed for 5 hours and monitored by TLC using hexane: ethyl acetate 
(8:2) as the developing solvent system. Then, it was cooled down, the organic layer 
separated, washed with brine (2 x 250 ml), water (2 x 250 ml), dried with Na2 S0 4  and 
removed under reduced pressure to leave an oily residue. This was treated with ethyl 
ether and left for 2-3 days to crystallise. The isolated colourless crystals were dried for 
one day under reduced pressure at 100 “C. The yield obtained was 33 %. Melting point 
263-264 "C. Microanalysis: Found C, 57.21; H, 7.68 %; Calculated for C60H92O1 2S4P4 : 
C, 57.31; H, 7.38 %. 'H NMR 0 (CDCl3), 6.89[s, 2H, 4.87[d, IH,
Jab=13.69 Hz], 4.29[m, 4H, CH2-CH3], 3.27[d, IH, HeJ, 1.34[t, 6 H, CH2-CH3] and 
1.07[s, 9H, C(CH3)].
2.4.2. Synthesis of 5,ll,17,23-tetra-/er/-butyl-25,27- 
bis(diethylthiophosphate)-26,28-dihydroxycalix[4]arene [L-7]."®
OH
In a three-necked round bottomed flask (500 ml) equipped with magnetic stirrer and a 
condenser, /?-/er/-butylcalix[4]arene (5.0 g, 7.71 mmol), K2CO3 (2.75 g, 19.9 mmol)
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and 18-crown-6 (0.9 g, 3.41 mmol) were suspended in dry acetonitrile (200ml). The 
mixture was heated for 10 minutes under continuous stirring. This was followed by the 
dropwise addition of diethyl chlorothiophosphate (3.1 ml, 19.7 mmol) in dry 
acetonitrile (50 ml) for a period of 15 minutes. The reaction mixture was stirred and 
refluxed for 12 hours and monitored by TLC using hexaneiethyl acetate (8:2) as the 
developing solvent system. It was then cooled down and filtered. The filtrate was 
washed with brine (2 x 250 ml), water (3 x 250 ml) and then extracted with 
dichloromethane. The organic layer was removed and the oily product was then treated 
with ethyl ether and left for 2-3 days to crystallise. The white crystals were isolated 
and dried for two days under reduced pressure and at 100 °C. The yield obtained was 
44 %. Melting point 260-261 °C. Microanalysis: Found C, 65.66; H, 8.04 %; 
Calculated for CijHwOgSzPz: C, 65.52; H, 7.83 %. 'H  NMR 6 (CDCW. 7.11[s, IH, 
6.69[s, IH, H™,.], 5.13[s, IH, OH], 4.46[d, IH, H„, Jab=13.96 Hz], 4.32[m, 
4H, CH2-CH3], 3.39[d, IH, H^], 1.39[t, 6 H, CH2-CH3], 1.32[s, 9H, C(CH3)] and 
0.86[s, 9H, C(CH3)].
2.4.3. Synthesis of 5,ll,17,23-tetra-tert-butyl-2S,27-bis
(dietbyltbiopbospbate)-26,28-bis[(diisopropylcarbanioyl)metboxy] 
calix[4]arene[L-8].™
0=0
CH3GH36H3 CH3
In a three-necked round bottomed flask (100 ml) equipped with a magnetic stirrer and 
a condenser, 5,11,17,23-tetra-^er/-butyl-25,27-bis(diethylthiophosphate)-26,28-
dihydroxycalix[4]arene [L-7] (0.5 g, 0.53 mmol), tetrapentylammonium bromide (0.1 
g, 0.26 mmol) and 2-bromo-N,N-diisopropylacetamide (0 . 8  g, 3.6 mmol) were 
suspended in dichloromethane (50 ml). The mixture was vigorously stirred. This was
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followed by dropwise addition of sodium hydroxide (50%, 25 ml). The reaction 
mixture was refluxed for 5 hours and monitored by TLC using hexaneiethyl acetate 
(8:2) as the developing solvent system. Then, it was cooled down, the organic layer 
separated, washed with brine ( 2  x 2 2 0  ml), water ( 2  x 2 0 0  ml), and removed under 
reduced pressure to leave an oily residue. This was treated with ethyl ether and left for 
2-3 days to crystallise. The isolated colourless ciystals were recrystallised using a 
methanol-chloroform mixture. The white crystals were dried for two days under 
reduced pressure at 120 °C. The yield obtained was 46 %. Melting point 255-256 °C. 
Microanalysis: Found C, 65.84; H, 8.82; N, 2.10 %; Calculated for C68H 104N2O10S2P2 ' 
C, 66.10; H, 8.48; N, 2.27 %. 'H  NMR 5 (CDCl3), 7.08[s, IH, 6.49[s, IH.
5.20[s, 2H, O-CH2], 4.65[d. IH, H„, Jab=13.28 Hz], 4.22[m, 4H, CH2-CH3]. 
3.48[b.s., IH, CH(CH3)2], 3.27[d, IH, H,»,], 1.32[s, 9H, CCCHj)], 1.29[t, 6 H, CH2- 
CH3], 1.22[b.s., 6 H, CH(CH3)2] and 0.82[s, 9H, qCH j)].
2.4.4. Synthesis of 5,ll)17,23-tetra-tert-butyl-25,27- 
bis(dliethylthiophosphate)-26,28-bis[(isopropylcarbamoyl)methoxy] 
calix[4]arene [L-9J.
/ \CH3 CH]
V-9 was prepared according to the procedure described in the preparation of L- 8  using 
2-bromo-N-isopropylacetamide (0.6 g, 3.33 mmol). The final product was obtained in 
46 % yield. Melting point 218-220 °C. Microanalysis: Found C, 64.39; H, 8.36; N,
2.21 %; Calculated for C62H92N2O10S2P2 : C, 64.67; H, 8.05; N, 2.43 %. ‘H NMR 
6 (CDCl3), 7.10[s, IH, H.»,.], 6 .6 6 [d, IH, NH-CH], 6.50[s, IH, H.«m.], 4.86[s, 2H, O- 
CH2], 4.57[d, IH, H«, JAB-13.49 Hz], 4.23[m, 4H, CH2-CH3], 3.28[d, IH, He,], 
1.31[s, 9H, C(CH3>], 1.17[t, 6 H, CH2-CH3], and 0.82[s, 9H, C(CH3>].
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2.4.5. Synthesis of 5,1147,23-tetra-/^rf-butyl-25,27- 
bis(diethylthiophosphate)-26,28-bis[(2-diethylamino)ethoxy] 
calix[4]arene [L-10].
CHa CHa
L-10 was synthesised following the procedure used for the preparation of L-8 using 
2-diethylaminoethyl chloride hydrochloride (0.6 g, 3.49 mmol). The compound 
obtained after recrystalisation fi’om methanol was afforded as cubical crystals in 47 % 
yield. Melting point 200-201 *^C. Microanalysis: Found C, 66.33; H, 8.56; N, 2.31 %; 
Calculated for C64H 100N2 O8S2P2 : C, 66.75; H, 8.75; N, 2.43 %. NMR ôCCDCb), 
7.10[s, IH, 6.45[s, IH, H ^ .] ,  4.48[d, IH, H„, Jab=13.19 Hz], 4.18[m, 4H,
O-CH2-CH3], 4.12[t, 2H, O-CH2-CH2], 3.17[d, IH, H J ,  3.10[t, 2H, CH2-CH2-N], 
2.62[q, 4H, N-CH2-CH3], 1.33[s, 9H, CCCHs)], 1.29[t, 6H, O-CH2-CH3], 1.03[t, 6H, 
N-CH-CH3] and 0.81[s, 9H, CCCHs)].
2.4.6. Synthesis of 5,ll,17,23-tetra-fert^butyl-25,27- 
bis(diethylthiophosphate)-26,28-bis[(2-methylthio)ethoxy]calix[4]arene 
[L - 1 1 ].
CH2
CHj
Preparation of L-11 was carried out according to the procedure used for L-8, 
however, 2-chloroethyl methyl sulphide (0.5 ml, 5.02 mmol) was added using glass 
syringe. The final product was obtained as colourless crystals in 72 % yield. Melting 
point 237-238 °C. Microanalysis: Found C, 62.98; H, 8.01%; Calculated for
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C58H86O8 S4P2 : C, 63.25; H, 7.87; N, %. 'H NMR ÔCCDCls), 7.14[s, IH,
6.49[s, IH, Harom.], 4.44[d, IH, Hax, Jab=13.19 H z], 4.19[m, 6 H,0 -CH2 , CH2 -CH2], 
3.23[t, 2H, CH2-S], 3.20[d, IH, Heq], 2.26[s, 3H, S-CH3], 1.34[s, 9H, C(CH3)], 
1.31[t, 6 H, CH2 -CH3] and 0.81[s, 9H, C(CH3)].
2.4.7, Synthesis of 5,1147,23-tetra-tert-butyl-25,27-bis[(2- 
methylthio)ethoxy]-26,28-bis[(isopropylcarbamoyl)methoxy] 
calix[4]arene [L-12]^ ®^
in JÇI
^  0 0
Ç H Ç H 2
C — 0 C H 2
N H S
C H 3 C H 3
C H 3
In a three-necked round bottomed flask (250 ml) equipped with magnetic stirrer and a 
condenser, 5,11,17,23-tetra-/err-butyl-25,27-bis[(2-methylthio)ethoxy]-26,28-
dihydroxy calix[4]arene (5.0 g, 6.27 mmol) which was prepared in 8 6  % according to 
the procedure used for L-7 and NaH (0.6 g, 25.0 mmol) were suspended in dry THF- 
DMF (5:1, 150 ml) The mixture was heated for 10 minutes under continuous stirring. 
This was followed by dropwise addition of 2-bromo-N-isopropylacetamide (4.70 g, 
26.1 mmol) dissolved in dry THF-DMF (5:1, 40 ml) for a period of 15 minutes. The 
reaction mixture was stirred and refluxed for four hours under nitrogen atmosphere 
and monitored by TLC using hexane:ethyl acetate (8:2) as the developing solvent 
system. Then it was cooled down and most of the organic solvent removed. The oily 
residue was treated with water, then acidified and extracted with dichloromethane ( 2  x 
250 ml). The combined organic solutions were washed with water (3 x 250 ml), and 
the organic layer removed. The oily residue was then treated with ethyl ether and left 
for 2-3 days to crystallise. The isolated crystals were recrystallised using a methanol- 
chloroform mixture. The white crystals obtained were dried for 2 days under reduced 
pressure at 1 2 0  °C. The final product was obtained in 65 % yield. Melting point 292- 
293 °C. Microanalysis: Found C, 72.43; H, 8.65; N, 2.82 %; Calculated for
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CsoHsfiNîO^Sj: C. 72,10; H, 8.98; N, 2.82 %. ‘H NMR 8 (CDCl3), 7.09 [s, IH,
6.70[d, IH, NH-CH], 6.49[s, IH, H™„,]. 4.32[d, IH, H„, Jab=12.78 H z], 4 .30[s, 2H,
O-CH2], 4.22[t, 2H, O-CH2-CH2], 3.26[d, IH, H.,], 3.02[t, 2 H, CH2-CH2], 2.14[s, 
3H, S-CH3], 1.35[d, 6 H, CH(CH3)2], 1.32[s, 9H, C(CH3)], and 0.86[s, 9H, C(CH3)].
2.5. Solution studies of j9-tert-butylcalix[4] arene 
tetradiisopropylacetamide [L-5a]
2.5.1. Solubility measurements of p-tert-butylcalix[4]arene 
tetradiisopropylacetamide at 298.15 K.
Solubility measurements were performed for / 7-/err-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] in different solvents at 298.15 K in order to select the 
solvent for complexation studies.
Procedure^^^'^^^
Saturated solutions were obtained by adding an excess of / 7-/er/-butylcalix[4 ]arene 
tetradiisopropylacetamide to the following solvents (butan-l-ol, water saturated butan-
l-ol, acetone, acetonitrile, N,N-dimethylformamide, tetrahydrofuran, methanol and 
ethanol). These mixtures were left for several days in a thermostat at 298.15 K. 
Samples of the saturated solutions were withdrawn, filtered and placed in different 
porcelain crucibles (which had been previously dried and accurately weighed). The 
solvents were evaporated until constant weigh. Blank experiments showed that the 
solvents had not impurities. Analysis were done at least by duplicate on the same 
equilibrium mixture.
2.5.2. Determination of the enthalpy of solution (AsH) at 298.15 K.
Measurements of the enthalpies of solution were carried out using the Tronac 450 
calorimeter. This calorimeter is a commercial version of the solution calorimeter 
originally designed by Christensen and Izatt.^ ®®
This type of calorimeter is divided into two parts as described below.
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I) The calorimeter assembly
The calorimeter assembly consists of an insulated thermostatic bath with capacity of 50 
litres of water around the centrally located calorimeter, a motor-driven stirrer and 
heater-cooler assembly. The stability of the bath temperature is maintained constant by 
a precision temperature controller. The 50 cm  ^reaction vessel is made of glass vacuum 
Dewar and fitted with a calibration heater, thermistor and stainless steel stirring blade 
which is connected to the ampoule holder. The glass ampoule (1cm) was broken by 
crashing from plunger onto the stirring blade assembly.
II) The electronic assembly
The electronic assembly consists of a Wheatstone bridge, a heater circuit and a power 
supply. The bridge voltage is adjustable and monitored on a digital voltammeter 
(DMV). The heating power of the reaction was measured directly across the standard 
resistor (Vj) and the calibration heater resistance (P3) during an electrical calibration 
run. The heating time (t) is measured accurately by a timer connected to the electronic 
assembly. The heat detected was converted to a voltage and was recorded on a strip 
chart recorder.
Procedure
The accuracy of the equipment was checked by measuring the standard enthalpy of 
protonation of THAM Tris(hydroxymethyl)aminomethane with hydrochloric acid 0.1 
mol dm’’ at 298.15 K.'®'
The ampoules containing a known amount of sample were sealed with silicon rubber 
stoppers and carefully placed in the stirring blade assembly. The stirring assembly was 
immersed in the glass reaction vessel containing butan-l-ol (50 ml) and the stirrer was 
switched on. The whole assembly was immersed in a water bath (298.15 K) and left for 
20 minutes to reach thermal equilibrium. The calorimeter was allowed to run for a 
certain period of time (~5 minutes). Then, the reaction was started when the ampoule 
was crashed. The resulting temperature change was recorded on a chart recorder. 
After the was performed at least five electrical calibration experiments were carried out 
by introducing a known quantity of electrical heat as close as possible to those 
observed for the reaction.
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Corrections for the heat associated with the breaking of an empty ampoule in the 
appropriate solvent were applied. The heat evolved in the reaction was calculated 
using the method of correction described by Dickinson. The same experiments were 
performed by using water saturated butan-l-ol.
2.5.3. Calculation of the enthalpy of solution.
The heat capacity {e ) of the calorimetric system can be determined from /) the 
temperature change (T^ measured as a distance in millimeters on the recorder 
graph and ii) the amount of heat injected into the system ( g j .
The amount of heat evolved during the electrical calibration is calculated from the 
following equation:
Qc ~ , R . t 2.2
where t is the time in seconds during which current is passed, and f .R  is the power 
dissipated in the heater and given by the equation.
P  2.3
where P  is the power in J.s '\ Vi and V2 are the readings in volts taken in the heater 
current and voltage position, respectively and R  is the resistance in ohms of the 
standard resistor at 298.15 K.
The heat of reaction (Qr) was calculated from the follovring equation.
Q= - ^ d r  -  e.dr 2.4
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where dr is the reaction distance measured on the graph in millimetres.
The enthalpy of solution, AsH (J.mol* )^ was calculated from the following equation,
Q 2.5^ n
where n is the number of moles.
2.6. Spectrophotometric measurements.
Spectrophotometric studies using the continuous variation method (Job's method)'*'' 
were carried out in order to i) investigate the complexing ability of p-tert-\mXy\ 
calix[4]arene tetraacetamide derivatives towards several metal cations and //) identify 
the stoichoimetry of these complexes in butan-l-ol and in water saturated butan-l-ol.
2.6.1. Job’s method of continuous variation.
The Job's method of continuous variation was the procedure used for determining the 
composition of complexes in solution. The principle of continuous variation was 
employed by Ostromisslensky^^^ in 1911 to establish the 1:1 stoichiometry of the 
adduct formed between nitrobenzene and aniline. However, the method of continuous 
variations is generally associated with the name of Job. This author published a 
detailed application of this method in 1928.^^  ^ Job's method as commonly practiced is 
carried out in a batch mode by mixing aliquots of two equimolar stock solutions of the 
metal ion and the ligand. These solutions are prepared in such a way that the total 
analytical concentration of metal plus ligand is maintained constant while the 
ligandimetal ratio is varied.
Qi/ + ^ 2.6
where Cm and Cl are the analytical concentrations of the metal and the ligand, 
respectively, and k is constant. Titration data were plotted as a function of the mole 
fraction (Xi) of the ligand rather than in the conventional volume scale.
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In eq. 2.7 denotes the molar fraction of ligand, is the initial cone, of the ligand
and is the conc. of the metal titrant added at each point in the titration. A
maximum corresponding to a molar fraction of 0.5 suggests the formation of a 1:1 
complex, while 0.67 and 0.75 molar fractions indicate. 2:1 and 3:1 complex 
stoichiometries, respectively.
2.6.2. Spectrophotometric titration for the determination of cation- 
ligand stoichiometry and complexing properties of amide 
calix[4]arenes in butan-l-ol at 298.15 K.
All spectrophotometric titrations were performed by using the Philips PU 8740 
scanning spectrophotometer equipped with a themostated cell compartment. The ionic 
strength of the solution was maintained constant (I = 0.01 mol dm*^ ) using Et4NC1 0 4 .
Procedure
The changes in the UV absorption spectra of a solution of /?-/er/-calix[4]arene 
tetraacetamide in butan-l-ol (8,0 ml, 10"^  mol dm*^ ) contained in a quartz cell of 4 cm 
path length thermoregulated at 298.15 K were directly recorded in the measurement 
cell in the 250-300 nm wavelength range upon the incremental addition of the 
appropriate metal-ion salt in butan-l-ol (3 xlO^ mol dm*^ ), until the maximum value of 
cation:ligand molar ratio was reached.
From the titration data on the molar fraction scale, the inflection point which 
correspond to the stoichiometry of the metal-ion complex was estimated.
2.6.3. Spectrophotometric titration for the determination of cation- 
ligand stoichiometry and complexing properties of amide 
calix[4]arenes in water saturated butan-l-ol at 298.15 K.
The same procedure mentioned in section 2.6.2 for butan-l-ol was followed for the 
case of water saturated butan-l-ol only with /?-/e/7-butylcalix[4]arene 
tetradiisopropylacetamide [L-5a] which is the ligand of choice.
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2.7. Synthesis of metal-ion complexes of p-tert-hvLty\ 
calix[4]arene tetradiisopropylacetamide [L-5a].
In order to gain more information regarding the binding site involved in the 
complexation and to proceed with their solution investigation a variety of metal 
complexes of /?-fôr/-butylcalix[4]arene tetradiisopropylacetamide [L-5a] were 
synthesised as follows,
2.7.1. Synthesis of /;-fé/‘^ butylcalix[4]arene tetradiisopropylacetamide 
Pb(II) perchlorate complex.
A 20% excess of Pb(C1 0 4 ) 2  3 H2O (0.227g, 0.493 mmol) dissolved in methanol (5.0ml) 
was added to a suspension of /»-/er/-butylcalix[4]arene tetradiisopropylacetamide 
(0.5g,0.412 mmol) in chloroform (50 ml). The mixture was refluxed for 5 minutes until 
dissolution of the solid material. Then, the mixture was filtered and the filtrate left for 
several days, after which crystals were observed. These were isolated and recrystallised 
from chloroform to yield white tiny crystals which were dried for one day under 
reduced pressure over CaCb at 80 °C. Microanalysis: Found C, 56.20; H, 7.32; N, 
3.33%; Calculated for C76Hn6N40i6PbCl2: C, 56.35; H, 7.22; N,3.46%.
2.7.2. Synthesis of /;-t^r/-butylcalix[4]arene tetradiisopropylacetamide 
Cd(II) perchlorate complex.
To a suspension of /?-/er/-butylcalix[4]arene tetradiisopropylacetamide (0.5g, 0.412 
mmol) in chloroform (50 ml), Cd(C1 0 4 )2 .6 H2 0  (0.207g, 0.493 mmol) 20% excess 
dissolved in methanol (5.0 ml) was added. The resulting mixture was refluxed for 5 
minutes until dissolution of the solid material. Then, the mixture was filtered and the 
filtrate left for several days, after which crystals were observed. These were isolated 
and crystallised from chloroform to yield white tiny crystals which were dried for one 
day under reduced pressure over CaCb at 80°C. Microanalysis: Found C, 59.89; H, 
7.68; N, 3.35%; Calculated for C76Hu6N40i6CdCl2: C, 59.80; H, 7.66; N, 3.68%.
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2.7.3. Synthesis of p-tertAmiy\ calix[4]arene tetradiisopropylacetamide 
Zn(II) perchlorate complex.
To a suspension of /?-rer/-butylcalix[4]arene tetradiisopropylacetamide (0.5g, 0.412 
mmol) in chloroform (50 ml), Zn(C1 0 4 ) 2  6 H2O (0.184g, 0.493 mmol) in 20% excess 
dissolved in methanol (5.0 ml) was added. The resulting mixture was refluxed for 5 
minutes until dissolution of the solid material. Then, the mixture was filtered and the 
filtrate left for several days, after which crystals were observed. These were isolated 
and recrystallised fi-om chloroform to yield white tiny crystals which were dried for one 
day under reduced pressure over CaCh at 80“C. Microanalysis: Found C, 61.41; H, 
7.99; N, 3.57%; Calculated for C76HngN4 0 i6ZnCl2 : C, 61.77; H, 7.91; N, 3.79%.
2.7.4. Synthesis of j[?-fgrf^bntylcalix[4]arene tetradiisopropylacetamide 
Na(I) perchlorate complex.
A mixture of NaCI0 4  (0.06Ig, 0.493 mmol) in 20% excess and methanol (5.0 ml) was 
added to a suspension of /?-/er/-butylcalix[4]arene tetradiisopropylacetamide (0.5g, 
0.412 mmol) in chloroform (50 ml) in a round bottomed flask. The mixture was 
refluxed for 5 minutes until dissolution of the solid material. Then, the mixture was 
filtered and the filtrate left for several days, after which crystals were observed. These 
crystals were isolated and recrystallised from chloroform to yield a white powder 
which was dried for one day under reduced pressure over CaCb at 80°C. 
Microanalysis: Found C, 68.08; H, 8.85; N, 4.41%; Calculated for C76Hn6N4 0 i2NaCl: 
C, 68.32;H, 8.75; N, 4,19%.
2.7.5. Synthesis of /7-f<?rf-butylcalix[4]arene tetradiisopropylacetamide 
Ag(I) perchlorate complex.
To a suspension of p-rer/-butylcalix[4]arene tetradiisopropylacetamide (0.5g, 0.412 
mmol) in chloroform (50 ml) a 20% excess of AgC1 0 4  (O.lg, 0.493 mmol) dissolved in 
methanol (5.0 ml) was added. The resulting mixture was refiuxed for 20 minutes until 
dissolution of the solid material. Then, the mixture was filtered and the filtrate left for
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several days, after which crystals were observed. These were isolated as a white 
powder with black contaminants and recrystallised from chloroform to yield a white 
powder which was dried for one day under reduced pressure over CaCb at 50 °C. 
Microanalysis: Found C, 63,70; H, 8.01; N, 3.87%; Calculated for CvsHii6N4 0 i2AgCl: 
C, 64.18; H, 8.16; N, 3.94%.
2.8. Thermodynamic studies of />-terr-butylcalix[4]arene 
tetradiisopropylacetamide [L-5a].
The thermodynamic parameters of complexation of /?-te/*/-butylcalix[4]arene 
tetradiisopropylacetamide [L-5a] with metal cations in two solvents (butan-l-ol and 
water saturated butan-l-ol) at 298.15 K were investigated using potentiometric and 
microcalorimetric titrations. Microcalorimetric measurements were carried out by Dr 
Maria I. Gomez Orellana at the Thermochemistry Laboratory, University of Surrey.
2.8.1. Potentiometric studies for the determination of stability 
constants for L-5a and metal cations in butan-l-ol and in water 
saturated butan-l-ol at 298.15 K.
Potentiometry is one of the most accurate techniques for the determination o f metal- 
ion concentration (activities) and hence allowing the calculation of stability constants 
for very stable complexes (log Ks > 5).^ ®®
The stability constant (logKs) for the complexation reaction between metal cations and 
/?-fôr/-butylcalm[4]arene tetradiisopropylacetamide [L-5a] in butan-l-ol and in water 
saturated butan-l-ol were measured using the potentiometric titration technique 
described by Schneider and coworkers.
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Procedure
Potentiometric measurements were carried out in Camlab potentiometer using the 
following electrochemical cell,
Ag(s)/AgC1 0 4 ,L,M"V/Et4NC1 0 4  2.5xlO'^ mol dm'V/AgCI0 4  lO'' mol dm'VAg(s). 2 . 8
where L and M“* denote /?-tert-butylcalix[4]arene tetradiisopropylacetamide and metal 
cations respectively.
The reference electrode consisted of a silver wire introduced in a butan-l-ol solution of 
silver perchlorate (25.0 ml, 10'  ^mol dm"^ ). The ionic strength was kept constant using 
Et4NC1 0 4  (2.5x10’^  mol dm'^). The indicator electrode was a silver wire introduced in a 
butan-l-ol solution of Et4NC1 0 4  (25 ml, 2.5x10'^ mol dm'^). The two half cells were 
separated by a salt bridge containing Et4NC1 0 4  (2.5x10'^mol dm'^) in butan-l-ol. The 
two electrodes were kept at constant temperature (298.15 ± 0.05 K) using a 
thermoregulated bath.
A computational simulation program was used to select the appropriate concentrations 
of the ligand and the metal-ion salts to be used for these measurements.
By incremental addition of AgC1 0 4  in butan-l-ol solution (0.01 mol dm’^ ) into the 
indicator cell (at least ten additions), the silver electrode standard potential (ET) of the 
reference cell was calculated. (Figs. 2.1 and 2.2).
For the determination of the stability constant of the silver-/?-/er/-butylcalix[4]arene 
tetradiisopropylacetamide complex a solution of /?-ter/-butylcalix[4 ]arene 
tetradiisopropylacetamide in butan-l-ol (2.5x10*  ^mol dm'^) was added in excess to the 
indicator cell containing silver perchlorate in butan-l-ol.
Finally, a butan-l-ol solution of the appropriate metal-ion salt (10'^ mol dm’^ ) was 
added in excess in order to determine the equilibrium constant of the metal-ion-/?-/cr/- 
butyl calix[4]arene tetradisiopropylacetamide complex.
The same procedure was used for the determination of stability constant data in water 
saturated butan-l-ol.
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Fig 2.1. Calibration curve for the silver electrode in butan-l-ol at 298.15 K.
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Fig 2.2. Calibration curve for the silver electrode in butan-l-ol saturated with
water at 298.15 K.
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2.8.2. Calculation of the stability constant from potentiometric data.
The ionic strength was kept constant, therefore, the concentration can be considered as 
activities. The activity of silver in each addition was calculated using a linear regression 
method and the standard electrode potential (£°) of the reference cell was calculated 
from the Nemst equation (eq. 2.9).
E  = E ‘ + ^ M .A g ^ ]  2,9
where, R, T, n and F are the gas constant, the temperature, the number of electrons in 
the half-cell and the Faraday constant, respectively.
A decrease in the concentration of silver ion was observed as a result of the 
formation of silver-/?-ter/-butylcalix[4]arene tetradiisopropylacetamide complex (eq. 
2 .10).
Ag^ (s) + L (s) AgL(s) 2 . 1 0
The Nemst equation (eq. 2.9) was used to calculate the concentration of the free silver 
\Ag^]f. The total concentration of silver is given in eq. 2.11
{Ag^l=[Ag^]f^[AgÜ] 2.11
Then,
[AgÜ]=[Ag^l-[Ag^]f 2.12
The total concentration of ligand [X]r is given in eq. 2.13
2.13
Rearrangement of eq. 2.13 leads to eq. 2.14
\ L \ = { L l - [ A g C \  2.14
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Thus, the data obtained from equations 2.12 and 2.14 were used in equation 2.15 to 
calculate the stability constant (Ki) of the silver-/?-ter/-butylcalix[4]arene 
tetradiisopropylacetamide complex.
An increase in the concentration of the free silver was observed as a result of
the formation of metal-/?-/er/-butylcalix[4]arene tetradiisopropylacetamide complex 
(MLO (eq. 2.16).
AT+ (s) + AgÜ  (s) (s) + Ag^ (s) 2.16
The total concentration of silver p-/‘er/-butylcalix[4]arene tetradiisopropyl
acetamid [L]r and metal cation are given by the following equations.
[Aglt=[Ag^]f+[AgL*] 2.17
[L],= [ZV+ [AgL^] 4- [AÆ”"] 2.18
[M]t = [Hr^]f+[ML”*] 2.19
The concentration of the free silver was calculated from equation 2.9. This was used to 
calculate the concentration of silver-/?-rer/-butylcalix[4]arene tetradiisopropyl 
acetamide complex {AgL*\
The concentration of the free ligand [i^ J/^was calculated from the following equation
Thus, the concentration of metal-ligand complex [A4L"^ ] in eq. 2.18 was calculated and 
used to determine the concentration of the free metal [A4" ]^/-(eq. 2.19).
Therefore, the equilibrium constant of the metal-/?-/er/‘-butylcalix[4]arene 
tetradiisopropylacetamide complex was obtained from eq. 2 . 2 1
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Equilibria data were calculated using the computer program POTK123.BAS developed 
at the Thermochemistry Laboratory, University of Surrey.
2.8.3. Microcalorimetric studies for the determination of enthalpies of 
complexation for L-5a and metal cations in butan-l-ol and water 
saturated butan-l-ol at 298.15 K.
Microcalorimetry is undoubtedly the most suitable technique for obtaining accurate 
enthalpy data (AcH®). Titration microcalorimetry has the additional advantage that 
stability constant values (K,) can be derived (hence free energy AsG°). Combination of 
AcH” and AcG° leads to the calculation o f entropy (AcS°).*®® However, the range of 
applicability of this technique for the determination of stability constant is limited to 
logKs between 1 to 6 .* Calorimetry has been extensively used for the determination of 
complexation’s enthalpies of macrocyclic ligands with neutral and ionic species.
A general description of the LKB 2277 Thermal Activity Monitor (TAM) used for 
these measurements is now given however more detailed information is in the 
literature
2.8.3.1. General description of the microcalorimeter.
The LKB 2277 Thermal Activity Monitor (TAM) (Thermometric AB, Sweden) 
designed by Suurkuusk and Wadso^^° is characterised by high sensitivity (sensitivity of 
the microcalorimeter is about 1 microwatt or better) and excellent long-term baseline 
stability. Its design can be made cooperatively simple and well-suited for multipurpose 
use (Biochemistry and Cell Biology) (Fig. 2.3).
The TAM consists of a basic unit containing a thermostatic water bath (25 litres) with 
up to four individual channels of the thermopile heat conducting type, where these are
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maintained at constant temperature (± 2x10*^  “C) to allow the measurements of 
microwatt fractions.
In the thermopile heat conducting calorimeter, the reaction vessel is surrounded by a 
heat sink, usually a metal block. The calorimeter sensor consists of a multi-junction 
thermopile, normally semiconducting “Peltier effects plates”, positioned between the 
vessel and the heat sink.
If heat is generated or absorbed in the reaction vessel, there will be a temperature 
difference over the thermopile. TWs gives rise to a potential signal which is 
proportional to the temperature differences and thus to the heat flow.
Procedure
The reliability of the instrument was checked in two ways, /) by titration of THAM 
(trishydroxyaminomethane) with HCl, and //) by measuring the standard enthalpy of 
dissolution of propan-l-ol in water at 298.15
The calorimeter titration vessel used (3.5 ml) was made of stainless steel and a turbine 
stirrer was used. The vessel was charged with /?-/cr/-butylcalix[4]arene 
tetradiisopropylacetamide solution (2.8 ml, 3x10'^ mol dm*^ ). Metal cation salt 
solutions of Pb(H), Cd(II), Zn(U), T1(III), In(III), Ga(III), Li(I), Na(I), K(I) and Ag(I) 
(6x10'^ mol dm‘^  in water saturated butan-l-ol and 3x10*^  mol dm'  ^in pure butan-l-ol) 
were placed in a 500 pi gas-tight motor driven Hamilton syringe (1750 LT), these 
were used as titrants. Each calorimetric run consisted of 25 injections of 10 to 15 pi. 
Injections were made at 5 minutes intervals at 298.15 K. The syringe drive unit and 
data acquisition were computer controlled (Appendix 1 ). Separate experiments were 
run to determine the correction terms due to the heat of dilution of the metal-ion salts 
in these solvents. The heat of dilution of the ligand was negligible in both solvents 
used. Stability constants (Ks) and enthalpies of complexation were derived from the 
calorimetric data by using a non-linear regression method based on Marquardt 
algorithm.
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Fig 2.3. 4-channel microcalorimeter (A), 3cm  ^vessel, arrows indicate flow
pattern (B),and thermopile heat conduction calorimeter(C). 173
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2.8.4. Calculation of the complexation enthalpies and stability 
constant data from microcalorimetric data.
For thermodynamic studies of complexation the following chemical reaction is 
considered.
2.22
where L and denote free cation, ligand and complex cation respectively.
The thermodynamic equilibrium constant for the above process can be expressed as 
follows,
Kg —  [AÆ j.
2.23
In the present work the ligand is neutral and at the working concentrations ^  may be 
considered equal to unity and yyn+ and are assumed to be approximately the 
same. Therefore, the equilibrium constant can be written in terms of concentrations,
K [M"*][£] 2.24
where [ML”’*'], [A4”'*’] and [Z] denote equilibrium concentrations on the molar scale. 
The concentration of the various species in the reaction vessel are given by:
AZ^=[A4«+] + [A4LW+] 2.25
L t^ [L \ + 2.26
where M/ and Lf denote the total molar concentration of the metal cation and the 
ligand respectively. Hence, equation 2.24 can be written as.
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[AÆ""]
2 . 2 7
Rearrangement of equation 227, leads to
[ML»+Ÿ - + 4  + 7/*y[Affi«+] + = 0 2.28
the solution of which is given by:
( M ,  +  L , + 1  /  Ks) -  ^(,1/Ks+Mt+LfŸ
2 2.29
For a 1:1 reaction (eq. 2.22), the heat observed in step z is related to the number of 
moles of complex formed at certain volume (Vf) added as given in the following 
expression,
= 2.30
Solving equation 2.29 and 2.30 by using a non-linear regression method AH and Ks 
values can be calculated.
2.9. Extraction of metal cations from aqueous medium by p- 
tert-butylcalix[4]areue tetradiisopropylacetamide [L-5a] in 
butau-l-ol at 298 K.
In order to investigate the extraction ability of the ligand (p-ter^butylcalix[4]arene 
tetradiisopropylacetamide) [L-5a] towards several metal cations, the extraction of 
alkali and some heavy metal cations from water to butan-l-ol system was performed at 
298 K. Both solvents (water and butan-l-ol) were previously saturated with each other 
in order to avoid volume changes of the phases during the extraction process.
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2.9.1. Extraction of non-radioactive metal cations.
The measurements were carried out by using a Perkin-Elmer 306 flame atomic 
absorption spectrometry at 298 K. The ionic strength was kept constant (I = 0.01 mol 
dm'^) using tetra-n-butyl ammonium perchlorate (BU4NCIO4).
Procedure
Accurate volumes of aqueous solution (10 ml, pH = 1) containing a metal cation salt 
(10*^  mol dm'^) and the organic solution containing the p-/er/-butylcalix[4]arene 
tetradiisopropylacetamide [L-5a] ( 1 0  ml, 10"^  mol dm'^) were placed in a stoppered 
flask. The mixture was vigorously shaken for 20 minutes, with a mechanical shaker. 
The flasks were left overnight in a thermostatic bath at 298.15 K. Aliquots from the 
aqueous phase were withdrawn and the amount of metal-ion at equilibrium was 
measured by atomic absorption spectrometry. This procedure was performed at 
different pH*s in the aqueous phase and different concentrations of ligand in the 
organic phase with Pb(II) perchlorate. Blank experiments were carried out under the 
same conditions without the presence of the ligand in the organic phase. Prior to each 
experiment, the calibration curve used for quantitative determination o f the metal 
concentration was performed according to the following description,
2.91.1. Standard calibration of Iead(II).
A lead perchlorate stock solution (40.61 |ig/ml) was made by dissolving a proper 
amount of Pb(C1 0 4 )2 .3 H2 0  in HNO3 (1% v;v , 1 0 0  ml). Solutions of various 
concentrations were prepared (8.28, 9.46, 11.04, 13.25, 16.56 pg/ml). Measurements 
at the wavelength of maximum absorption (283 nm) were carried out. A light source 
hollow cathode lamp, a flame type air-acetylene and a slit setting 0,7 nm were the 
conditions used.
2.9.1.2. Standard calibration of cadmium(II).
A cadmium perchlorate stock solution (41.93 ftg/ml) was made by dissolving a proper 
amount of Cd(C1 0 4 )2 .6 H2 0  in HNO3 (1% v;v , 1 0 0  ml). Solutions of various 
concentrations were prepared (0.86, 1.07, 1.75, 2.62, 4.19 ng/ml). Measurements at 
the wavelength of maximum absorption (229 nm) were carried out. A light source
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hollow cathode lamp, a flame type air-acetylene and slit setting 0.7 nm were the 
conditions used.
2.9.1.3. Standard calibration of zinc(H).
A zinc perchlorate stock solution (37.23 fig/ml) was made by dissolving a proper 
amount of Zn(C1 0 4 )2 .6 H2 0  in HNO3 (1% v;v , 1 0 0  ml). Solutions of various 
concentrations were prepared (0.76, 0.96, 1.55, 2.48, 3.72 ^ig/ml). Measurements at 
the wavelength of maximum absorption (214 nm) were carried out. A light source 
hollow cathode lamp, a flame type air-acetylene and slit setting 0.7 nm were the 
conditions used.
2.9.1.4. Standard calibration of silver(l).
A silver nitrate stock solution (20.72 ^g/ml) was made by dissolving a proper amount 
of AgN0 3  in HNO3 (1% v;v , 1 0 0  ml). Solutions of various concentrations were 
prepared (0.83, 1 .6 6 , 2,49, 3.32, 4.14 pg/ml). Measurements at the wavelength of 
maximum absorption (328 nm) were carried out. A light source hollow cathode lamp, 
a flame type air-acetylene and slit setting 0.7 nm were the conditions used.
2.9.1.5. Standard calibration of lithium(I)*
A lithium perchlorate stock solution (10.64 pg/ml) was made by dissolving a proper 
amount of LiC1 0 4  in water. Solutions of various concentrations were prepared (0 .5 3 ,
1.05. 1.58, 2.11, 3.15 pg/ml). Measurements at the wavelength of maximum 
absorption (671 nm) were carried out. A light source hollow cathode lamp, a flame 
type air-acetylene and slit setting 1.4 nm were the conditions used.
2.9.I.6. Standard calibration of sodium(I).
A sodium perchlorate stock solution (12,24 |ig/ml) was made by dissolving a proper 
amount of NaC1 0 4  in water. Solutions of various concentrations were prepared (0.25,
0.49, 0.74, 0.98, 1.22 pg/ml). Measurements at the wavelength of maximum 
absorption (589 nm). A light source hollow cathode lamp, a flame type air-acetylene 
and slit setting 0.7 nm were the conditions used.
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2.9.I.7. Standard calibration of potassium(I).
A potassium nitrate stock solution (10.11 pg/ml) was made by dissolving a proper 
amount of KNO3 in water. Solutions of various concentrations were prepared (0.50,
1 .0 0 , 1.50, 2.00, 3.00 pg/ml). Measurements at the wavelength of maximum 
absorption (766 nm) were carried out. A light source hollow cathode lamp, a flame 
type air-acetylene and slit setting 1.4 nm were the conditions used.
2.9.I.8. Standard calibration of mbidium(l).
A rubidium perchlorate stock solution (18.49 pg/ml) was made by dissolving a proper 
amount of RbC1 0 4  in water. Solutions o f concentrations were prepared (0.50, 1 .0 0 , 
1.50, 2 .0 0 , 2.50 pg/ml). Measurements at the wavelength of maximum absorption (780 
nm) were carried out. A light source electrodeless discharge lamp, a flame type air- 
acetylene and slit setting 4.0 nm were the conditions used.
2.9.I.9. Standard calibration of caesium(I).
A caesium perchlorate stock solution (23.24 pg/ml) was made by dissolving a proper 
amount of CSCIO4  in water. Solutions of various concentrations were prepared (8 .0 0 ,
1 0 .0 0 , 11.62, 15.50, 23.24 pg/ml). Measurements at the wavelength of maximum 
absorption was (852 nm) were carried out. A light source electrodeless discharge 
lamp, a flame type air-acetylene and slit setting 4.0 nm were the conditions used.
2.9.2. Extraction of radioactive metal cations.
Solutions of radioactive metal cations and p-ter/-butylcalix[4]arene tetradiisopropyl 
acetamide [L-5a] were prepared in water saturated butan-l-ol. All measurements were 
performed by using MCA (Multi-Channel Analyser 1510 equipped with Ge-Li 
detector) CANBERRA at the King Faisal Specialist Hospital & Research Center.
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2.9.2.1. Calibration of the multi-channel analyser.
Energy and Efficiency calibrations for the gamma detectors were performed using the 
SPECTRAN-AT program named CALIB. Prior to each energy and efficiency 
calibration, a preliminary calibration was carried out using a *^ ’Cs and *^ ^Cs-^ ®Co 
sources in a fiill scale o f4096 channels at 1 cm geometry.
1 . Energy calibration.
An ^^ ^Eu source (amount of activity 4.562 |iCi, calibrated at 12:00 noon on 27 August 
1982) at 1 cm geometry from the detector was placed. Then, collection for 300 
seconds was carried out and at least 8 - 1 1  peaks were intensified^ "^^  from the spectrum 
(Appendix 2.5).Using the analysis-peak search mode record, the channels number with 
the corresponding energies were obtained (Table 2.1). The energies obtained were 
plotted versus the channel number to give a straight line (Fig. 2.4).
2. Efficiency calibration.
Following the energy calibration experiment, the efficiency calibration was performed. 
A mixed radioactive source calibrated for 12:00 noon, 1st of September 1988 placed at
1 . 0  cm geometry then, collection for 1000 seconds was performed. The efficiency 
values were determined by intensifying at least 9 peaks from the spectrum (Appendix 
2.6) with known intensity, activity, energy and half-life. From the peaks listed in Table
2.2, efficiency was calculated by using the SPECTRAN program. The efficiency was 
plotted versus the energy (KeV) to obtain the highest efficiency for the desire range of 
energy. (Fig.2.5).^^^
Radioactive Standard Sources were purchased from the U.S. Department of 
Commerce, National Bureau of Standard, and from Isotope Products Laboratories, 
Burbank, California.
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Fig 2.4. Energy calibration curve of Germanium-Lithium (Ge-Li) detector.
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Fig 2.5. Efficiency calibration curve of Germanium-Lithium (Ge-Li) detector.
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Table 2.1. The channels number obtained from the energy calibration.
Peak Number Energy expected (KeV) Channel number found (IKeV- 
2 Channel)
1 121,80 242.96
2 244.70 488.46
3 344.30 687.32
4 411.10 820.84
5 444.00 886.34
6 778.90 1555.1
7 867.40 1731.92
8 964.00 1924.82
9 1085.80 2167.9
10 1112.10 2220.42
11 1408.00 2811.3
Table 2.2. Energies and half lives of the mixed radioactive source.
Nuclides
^%u
half-life
86.50 D1738
105.30 D1738
123.10‘Eu D3141
T2s; 176.30 D1008
247.70 D3141
T55; 427.90 D1008
463.40 D1008
591.80 D3141
600.60 D1008
635.90 D1008
723.30 D3141
873.20 D3141
996.30 D3141
1004.70 D3141
1274.50 D3141
D: Day
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2.9.2.2. Extraction of radioactive lead(ll).
The radioactive lead was obtained by dissolving the irradiated target with H2SO4 (2.5 
ml, 2.0 mol dm'^) and rinsed with sterile water (40 ml). The solution was loaded on the 
BIO RAD AGSOxS 100-200 mesh, cation exchanger in the hydrogen form. The 
enriched thallium (^ °^ T1 ) was eluted from the column with H2SO4 (20 ml, 1.0 mol 
dm'^). Lead (^ ®^ Pb) was eluted from the column with HCl. (20 ml, 2.0 mol dm'^ )*^  ^
(Appendix 2.1).
Radioactive lead (1.0 mCi, 0.6 ng) in (HCl 2.0 mol dm"^ ) was completely dried and 
then spiked in lead (II) perchlorate solution (20 ml, 10*^  mol dm'^) at pH’s of 1, 2, 3, 4, . 
5 and 6. Equal volumes (5.0 ml) of butan-l-ol solution containing the ligand (10"  ^mol 
dm" )^ and aqueous radioactive lead were shaken in a stoppered flask for 20 minutes 
and then left standing at 298.15K until the phase separation was complete (20 
minutes). After phase separation, the concentration of the radioactive lead in the 
organic and aqueous layers were determined by measuring the number of counts in a 
0.01 ml capillary tube sample for a period of 5 minutes at 1.0 cm geometry. The same 
procedure was repeated at two different ratios of (Pb:L) 1:2 and 1:50000 metal to 
ligand and at the same pH mentioned above in order to match the conditions used for 
the radioactive metal separation.
The decrease in concentration of radioactive lead in the aqueous layer was measured 
and found in agreement with that of the organic layer. This process was performed 
without ligand in the organic layer (blank).
2.9.2.3. Extraction of radioactive thallium (IQ).
Thallium (III) was obtained by treating the thallium (I) (which was generated from lead 
(II) with a mixture of concentrated NHO3 (1.0 ml) and HCl (19.0 ml). Thallium (III) 
was extracted by diisopropyl ether (DIPE).^’®(Appendix 2.2).
Thallium (III) (1.0 mCi, 4.68 ng) in diisopropyl ether was completely dried and then, 
dissolved in water saturated butan-l-ol (10 ml) at pH’s of 1, 2, 3, 4, 5 and 6. Equal 
volumes of butan-l-ol saturated with water (5.0 ml) containing the ligand (10"  ^ mol 
dm'^) and aqueous radioactive thallium (III) were shaken in a stoppered flask for 20 
minutes and then left at 298.15K until the phase separation was complete (20 minutes).
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Then, the concentration of the radioactive thallium (III) in the organic and aqueous 
layers were determined by measuring the number of counts in a 0.01 ml capillary tube 
sample for a period of 5 minutes at 1.0 cm geometry. This process was repeated 
without using the ligand in the organic layer (blank).
2.9.2.4. Extraction of radioactive thallium (I).
Thallium (I) was obtained from the reduction of Thallium (HI) with sulphur dioxide 
and then, extracted into water solution.
Thallium (I) (1.0 mCi, 4.68 ng) in water solution was completely dried and then 
dissolved in water saturated butan-l-ol (10 ml) at pH’s of 1, 2, 3, 4, 5 and 6. Equal 
volumes of butan-l-ol (5.0 ml) containing the ligand (10“^  mol dm*^ ) and aqueous 
radioactive thallium (I) were shaken in a stoppered flask for 20 minutes then left at
298.15 K until the phase separation was complete (20 minutes). Then, the 
concentration of the radioactive thallium (I) in the organic and aqueous layers was 
determined by measuring the number of counts in a 0.01 ml capillary tube sample for a 
period of 5 minutes at 1.0 cm geometry. This process was repeated without using 
ligand in the organic layer (blank).
2.9.2.5. Extraction of radioactive indium (HE).
Indium (IE) as a radioactive ^"in was obtained by dissolving the irradiated cadmium 
target with HBr (4.0 ml, 8.0 mol dm'^) and then extracted by diisopropyl ether. 
(Appendix 2.3).
Radioactive indium (HI) (1.0 mCi, 2.4 ng) in diisopropyl ether was completely dried 
and then dissolved in water saturated with butan-l-ol (10 ml) at pH of 1, 2, 3, 4, 5 and 
6. Equal volumes of butan-l-ol (5.0 ml) containing the ligand (10"* mol dm'  ^ ) and 
aqueous radioactive indium (HI) were shaken in a stoppered flask for 20 minutes then 
left at 298.15 K until complete phase separation was achieved (20 minutes). Then, the 
concentration of the radioactive indium (III) in the organic and aqueous layers was 
determined by measuring the number of counts in a 0.01 ml capillary tube sample for a
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period of 5 minutes at 1.0 cm geometry. This process was repeated without using the 
ligand in the organic layer (blank).
2.9.2.6. Extraction of radioactive gallium (m ).
Gallium (III) as a radioactive ®^ Ga was obtained by dissolving the irradiated Zinc target 
with HCl (4.0 ml, 7.5 mol dm'^) and extracted by diisopropyl ether.(A ppendix 2.4). 
Radioactive gallium (IK) (1.0 mCi, 1.67 ng) in diisopropyl ether was completely dried 
and then dissolved in water saturated with butan-l-ol (10 ml) at pH’s of 1, 2, 3, 4, 5 
and 6. Equal volumes of butan-l-ol (5.0 ml) containing the ligand (10"* mol dm" )^ and 
aqueous radioactive gallium (HI) were shaken in a stoppered flask for 20 minutes then 
left at 298.15 K until complete phase separation (20 minutes). Then, the concentration 
of the gallium (HI) in the organic and aqueous layers was determined by measuring the 
number of counts in a 0.01 ml capillary tube sample for a period of 5 minutes at 1.0 
cm geometry. This process was repeated without using the ligand in the organic layer 
(blank).
2.9.3. The ligand in use.
The mixed radioactive lead and thallium (25 mCi) were obtained by dissolving the 
irradiated target with of H2 SO4  (2.5 ml, 2.0 mol dm‘^ ) and added to thallium(III) 
chloride (25 ml, 3.0x10'^ mol dm’^ ) at pH=l (in order to match the used procedure). 
An equal volume (25 ml) of butan-l-ol saturated with water solution containing p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-5a] (1.0x10’^  mol dm'^) and water 
saturated with butan-l-ol containing mixed radioactive lead and thallium were shaken 
in a separating funnel for a period of 5 minutes at 298 K. Then, the concentration of 
the radioactive lead in the organic and aqueous layers was determined by measuring 
the number of counts in 0.01 ml capillary tube sample for five minutes at 1.0 cm 
geometry. The organic layer was washed with water saturated butan-l-ol (3x10 ml, 
pH=l) in order to recover the chemical thallium (^ ®^T1) and then, the concentration of
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the radioactive lead in the organic and the aqueous layers was determined as described 
above.
After 47 hours which is needed for >95% of lead (^°^Pb) to decay to thallium (^ ®^ T1), 
the organic layer was washed with water saturated butan-l-ol previously treated with 
SO2 (2x10 ml, pH=l). This was followed by washing with two portion of water 
saturated butan-l-ol (10 ml, pH=l). The concentrations of lead and thallium were 
determined in both layers as described above. The combined aqueous layers which 
contain °^^ T1 were then evaporated on a hot plate using airflow until complete dryness. 
Then, sufficient amount of sodium chloride (0.9%) was added. The amount of 
chemical thallium (which is the major contaminant), copper, iron, the pH and the 
radionuclide purity were determined. Lead was removed from the organic layer by 
washing with water saturated butan-l-ol (25 ml, pH=10).
2.10. Synthesis of a polymeric resin material.
In order to anchor the /?-/er/-butylcaIix[4]arene tetradiisopropylacetamide [L-5a] to a 
polymeric framework, several routes were followed starting from the removal of the p- 
tert-b\xXy\ groups from the parent compound as described below,
2.10.1. Removal of p-tertAmt^\ groups from j9-/'^rf-butylcalix[4]arene 
[L-13].
The removal of p-ferr-butyl groups from p-ter/-butylcalix[4]arene by an AICI3 - 
catalysed Freidel-Crafts reaction is a known method described by Gutsche and 
coworkers.®®
\
OH
A hot solution of/7-re/*r-butylcalix[4]arene (5.0 g , 7.75 mmol) in toluene (250 ml) was 
placed in a three necked round bottomed flask (500 ml) equipped with a mechanical 
stirrer and a nitrogen gas inlet tube. After making sure that all calixarene was
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dissolved, the mixture was cooled down to 50-55 °C, then treated with anhydrous 
aluminium chloride (AICI3) (5.2 g, 39 mmol, 2 0 % excess) and then stirred at 50-55 ®C 
in a nitrogen atmosphere for three hours. The reaction mixture was monitored by TLC 
(hexane: ethyl acetate, 8 :2 ) developing system until disappearance of the p-tert- 
butylcalix[4]arene. The mixture was cooled in an ice bath and stirred with HCl (125 
ml, 1 . 0  mol dm'^) for 15 minutes. The organic phase was separated, washed with three 
portions of water ( 2 0 0  ml) and then evaporated under high vacuum until a yellow oily 
residue was observed. Addition of methanol led to the formation of a yellowish 
precipitate. The solvent was removed and the yellow precipitate dissolved in toluene 
( 1 0 0  ml) followed by the addition of charcoal. This mixture was refluxed for half an 
hour, then filtered by gravity while the mixture was hot. The organic solvent was 
evaporated under high vacuum to leave an oily residue which was treated with diethyl 
ether and lejfl to crystallise. The white crystals obtained were recrystallised from a 
chloroform-methanol mixture and dried for two days under reduced pressure at 1 2 0  °C 
to give a 60% yield of the calix[4]arene. Melting point 313-316 “C. Microanalysis:
Found C, 79.07; H, 5.65 %; Calculated for C28H2 4O4 : C, 78.80; H %. ‘h  NMR 
3 (CDCl3), 10.2[s, IH, OH], 7.03[d, IH, H.^».], 6.72[t, 2H, 4.25[b.s., IH,
H„.], 3.55[b.s., lH.%q].
2.10.2. Synthesis of 25,26,27,28- tetrakis
[(diisopropyicarbamoyl)methoxy]calix[4]arene [L-14] or calix[4]arene 
tetrdiisopropylacetamide.
OH;
p H
CH
In a three necked round bottomed flask equipped with a magnetic stirrer and a nitrogen 
gas inlet tube, 25,26,27,28-tetrahydroxycalix[4]arene [L-13] (4.0 g, 9.4 mmol) was
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suspended in dry THF.DMF (100 ml, 5:1) the mixture was gently warmed and stirred 
under nitrogen atmosphere until most of the solid dissolved. After cooling, sodium 
hydride (NaH, 1.73 g, 75 mmol) was added followed by 2-bromo-N,N- 
diisopropylacetamide (16.5 g, 75 mmol). The reaction mixture was maintained at 75- 
80 °C and monitored by TLC (hexaneiethyl acetate, 8:2) developing system until the 
disappearance of the L-13. After three hours the reaction was stopped and the mixture 
concentrated in a rotary evaporator under reduced pressure. The oily residue was 
treated with water, acidified and then, extracted with dichloromethane. The organic 
phase was washed with water (3x100 ml) and the solvent removed until a pale yellow 
oily residue was observed. Upon treatment with diethyl ether, white crystals were 
furnished. These crystals were recrystallised from a chloroform-methanol mixture and 
the isolated crystals dried under reduced pressure at 120 °C for two days to give 59% 
yield of the calix[4]arene tetradiisopropylacetamide. Melting point >300 °C 
decomposed. Microanalysis: Found C, 72.81; H, 8.55; N, 5.66 %; Calculated for 
C60H84N4O8 : C, 72.67; H, 8.70; N, 5.66 %. Infrared (KBr) 1647-1666 cm’^  (C -0) and
1 2 0 0  cm ' (C-0). ‘h  NMR 8 (CDCl3), 6.61-6.54[m, 3H, H.,,,..], 5.29[d, IH, H„, 
Jab=13.6 Hz], 4.93[s, 2H, -O-CH2], 4,06[m, IH, ^ (C H ;) :] . 3.40[m, IH, CH(CH3)z]. 
3.20[d, IH, H„], 1.34[d, 6H, CH(CHj)2], l.I3[d, 6H, CH(CH,)2 ].
2.10.3. Synthesis of the polymerised amide calix[4]arene.‘^ ^
The polycondensation method has been used for the first time to anchor the calixarene 
derivatives to a polymeric framework via the unsubstituted para-position.
A mixture of calix[4]arene tetradiisopropylacetamide [L-14] (1.5 g, 1.51 mmol) and 
sufficient amount of formaldehyde (1.5 ml, 37%) was placed in a reaction tube, 
followed by the addition of formic acid (1.5 ml, 97%) as a catalyst. The reaction tube 
was sealed and placed in an oil bath at 100-105 °C for four days. The tube was cooled 
down to room temperature then desealed, the mixture placed in 50 ml round bottomed 
flask and the solvent evaporated. The light yellow material was washed several times 
with water, methanol and dichloromethane and dried under reduced pressure at 80 °C 
for two days. A pale yellow resin (1.47 g) was obtained. Microanalysis: Found C, 
58.20; H, 8.00; N, 3.24%. IR(KBr) 1638 cm‘^  (C-0).
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3. RESULTS AND DISCUSSION.
3.1. Synthesis of amide p-tert-butylcalix[4]arenes.
In order to prepare a variety of amide p-^erf-butylcalix[4]arenes, a series of different 
tertiary and secondary 2-bromo-N,N-alkylacetamide compounds were synthesised and 
characterised. These compounds were later introduced to the lower rim of the parent 
p-/er/-butylcalix[4]arene using two different methods. These are described as follows,
3.1.1. Synthesis of 2-bromo-N,N-alhylacetamides
For the formation of 2-bromo-N,N-alkylacetamides (1) (eq. 3.1), secondary 
diisopropyl, diisobutyl and primary isopropyl and isobutyl amines (b) were readily 
acylated by treatment with bromoacetylbromide (a) which is more reactive than its 
higher homologues in chloroform at low temperature (-10 ®C) as illustrated in Scheme
3.1. The reaction represents an example of nucleophilic substitution at the carbonyl 
carbon atom.^^  ^Microanalysis of 2-bromo-N,N-alkylacetamide compounds carried out 
at University of Surrey are shown in Table 3.1. Also included in this table are the 
melting points of these compounds.
It was observed that all bromoacetamide products synthesised were solids at room 
temperature, except the 2-bromo-N,N-diisobutylacetamide [L-2] which was liquid. 
This might be due to the relatively longer alkyl chain of L-2 relative to This
procedure requires the use of excess amounts of the amine since this is consumed in 
the reaction with hydrogen bromide liberated during the acylation. The resultant amine 
salts usually precipitated were removed by filtration or dissolution in water.
As far as the NMR spectra of these compounds (Figs 3.2-3.5) are concerned, the 
rotation about the C-N bond is slow, which was attributed to the partial double-bond 
characteristic derived fi-om the structure shown below.
N/  \ R
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As a result, the environments of Ri and Rz groups are not averaged, and these are 
usually observed separately (R% is more deshielded than Rz) even at temperatures well 
above 298
O
IIBr-CH2"C“Br + RH 
a b
CHCI3
-10®C
m
Br-CHg-C-R
L-1
L-2
L-3
L-4
0) II 
Br-CHg-C-R + HBr
1
R
N
(3)
(2) /  C H 3
C H <^CH a
X  / C H 3XH<;
^CHa
(5 )
(4 )
C H a
-N C H a
(2 )  (3 )  /CHgCHX  ^ ^CH
CHgCH/^
(5 )  (6 ) \ q
(7 )
(4)
(2) (3) /C H a
-N H -C H < (
^C H a
(2) (3) (4) /
-N H -C H rC H <^
(5)
CHa
CHa
3.1
Scheme 3.1. Synthesis of 2-bromo-N,N-alkylacetamide compounds [L-1 ,2 ,3 and
L-4].
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Table 3.1. Analytical and physical data of the 2-bromo-N,N-alkyIacetamide 
compounds.
Compound % Yield m.p./ °C
Microanalysis 
% Calculated % Found
C H N C H N
L-1 44 65-66 43.23 7.26 6.31 43.20 7.50 6.33
L-2 71 liquid 48.00 7.99 5.39 47.97 8.04 5.43
L-3 84 66-67 33.34 5.60 7.81 33.28 5.92 7.57
L-4 81 37-38 37.12 6.23 7.25 37.28 6.60 7.17
Table 3.2. H NMR chemical shifts (6) in ppm for the 2-bromo-N,N- 
alkylacetamide compounds in CDCI3 at 298 K.
Compound 
Proton #
L-1 L-2 L-3 L-4
H(l) 3.83 3.68 3.66 3.90
H(2) 1.39 3.16 6.32 6.59
H(3) 3.97 2.05 4.07 3.13
H(4) 1.26 0.96 1.20 1.86
H(5) 3.44 3.09 — 0.95
H(6) — 1.95 — —
H(7) — 0.9 — —
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Fig. 3.2. H NMR spectrum of 2-bromo-N,N-diisopropylacetamide [L-1] in
CDCb at 298 K.
Fig. 3.3. H NMR spectrum of 2-bromo-N,N-diisobutylacetamide [L-2] in CDCI3
at 298 K.
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PPM
Fig. 3.4. H NMR spectrum of 2-bromo-N-isopropylacetamide [L-3] in CDCI3
at 298 K.
6 . S 5 . 5 5 . 8PPM7 . 5
Fig. 3.5. H NMR spectrum of 2-bromo-N-isobutylacetamide [L-4] in CDCI3 at
298 K.
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3.1.2. Synthesis of /i-terf-butylcalix[4]arene tetraacetamide 
derivatives.
As stated in the introduction the main objective of this thesis is to explore the use of 
calixarene amide derivatives for the separation of the radioactive metal cations relevant 
to the radiopharmaceutical industry. Representative examples are the separation of lead 
(^ ®^ Pb) from thallium cadmium (“ ^Cd) from indium (” I^n) and zinc (^*Zn)
from gallium (^^Ga).Therefore, a series of lower rim aliphatic tertiary and secondary 
acetamide calix[4]arenes were synthesised. The choice of amides as functional groups 
was based on previous reports in which it was demonstrated that these are selective 
chelating groups for heavy metal cations (lead and cadmium).
Therefore, /7-te7*/-butyl-caIix[4]arene tetradiisopropylacetamide [L-5a], p-tert~ 
butylcalix[4]arene tetradiisobutylacetamide [L-Sb], /?-/err-butylcalix[4]arene 
tetraisopropylacetamide [L-5c] and /?-/er/-butylcalix[4]arene tetraisobutylacetamide 
[LrSd] were synthesised following the reaction between phenol and alkyl bromides in 
alkaline medium (NaH) to yield the ether. This procedure was previously applied by 
Gutsche^^ and Ungaro^^® and coworkers for the preparation of calixarene derivatives 
(method #2). In alkaline solution, the /?-te/*/-butylcalix[4]arenate ion (Calix-O*) acts as 
a nucleophilic reagent displacing the halide from its alkyl compound forming the 
corresponding derivative. This method proceeds smoothly affording tetra-O-acetamide 
calix[4]arenes in cone conformations. Short periods of time required for their 
preparation and good yields for Lr5a and L-5b were obtained. However, L-Sc and 
Lr5d were obtained in low yield and longer period of time were required for their 
synthesis. This may be attributed to the cyclisation process of isopropylbromo 
acetamide and isobutylbromoacetamide to form the lactam as shown below,
/ C H 2
O
CH3  ,C H ,
r =ch/  ,CH2-CH<
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In addition, L-5a was prepared by the procedure suggested by McKervey^ ^  and 
coworkers using K2 CO3 (method #1) which afforded lower yield (44%) and was more 
time consuming (144 hours) than the latter method. This is mainly attributed to the 
weaker proton abstraction of potassium carbonate leading to slow derivatisations rates 
compared to the stronger base sodium hydride.
Scheme 3.6. illustrates the methods used for the synthesis of p-^grf-butylcalix[4]arene 
tetraacetamides. The experimental analytical and physical data of the K2CO3 and NaH- 
induced alkylations of / 7-fer/-butylcalix[4 ]arene are shown in Table 3.3.
K3CO2, Acetone
J3)Ax|
OH
Ligand
L-5a
L-5b
Li-5c
L-5d
(4)
(6)
CH a
- N
(5) /
° < cH3 /CHa 
C H <
(7) CHa
(8)
(7)
(6) (6) / C H a
^CH fH{(8) (9) \cH a 
(10 )
(7)
(5) (6) /CHa
- N H - C H <
C H ;
(5) (8) (7)
-N H - C H 2 -CH
(8 )
CHa
CHa
Scheme 3.6. Synthesis of a series of /;-t^/t-foutylcalix[4]arene tetraacetamides
[L-5a,5b,5c and LrSd].
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The NMR measurements shown in Table 3.4 exhibit two pairs of doublets arising 
from the axial (Hax) and equatorial (Hcq) protons of the methylene bridge which are the 
characteristic feature for differentiating the various conformations of these macrocycles 
in solution. These two protons are magnetically nonequivalent. Therefore, Hgq and 
are assigned to the higher and the lower magnetic field respectively. The results 
show that the acetamide pendant groups fix the conformation by suppressing the 
oxygen through the annulus rotation that result in an immobile cone conformational 
calix[4]arenes in solution at 298 K. According to Gutsche^ ®^  the Aô values between Heq 
and Hax in calix[4]arenes serve as a measure of the flattening of the phenyl ring units 
and these are generally about 0.9 ppm for a system in a com  conformation and 
increases significantly in the flattened conformation.
The spectral pattern for /?-fer/-butylcalix[4]arene tetraacetamide derivatives L-5a and 
L-5d show similarities only in the signals corresponding to the aromatic and the tert- 
butyl protons. However, ligands L-5a, L-Sb, L-5c and L-5d exhibit resemblance for 
all signals except for those arising from the acetamide terminal groups as illustrated in 
Figs. 3.7. -3.10.
The AÔ values for L-5a and L-5b are 2.19 and 2.21 ppm respectively (approximately 
two and half times greater than the typical cone conformation), whereas Aô values are 
1.25 and 1.28 ppm for L-5c and L-5d respectively. These findings indicate that two 
confronting phenol units are more parallel than those observed in a regular cone 
conformation. Therefore, it can be concluded that the conformations of L-5a and L-5b 
are more distorted than for L-5c and L-5d. This might be attributed to the steric 
crowding among the amide groups on the lower rim for the former and to the 
hydrogen bonding between the oxygen and the hydrogen of the secondary amide 
groups for the latter.
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Table 3.3. Analytical and physical data of the /?-tert-butylcalix[4]arene 
tetraacetamide compounds.
Microanalysis
Compound % Yield m.p. / °C % Calculated % Found
C H N C H N
L-5a method #1 44 277-279 75.20 9.63 4.63 75.27 9.92 5.04
L-5a method #2 62 277-279 75.20 9.63 4.63 75.31 9.87 4.25
L-5b 56 195-197 76.13 9.97 4.23 76.16 10.43 4.26
L-5c 20 >300 73.53 8.87 5.36 73.37 9.12 5.38
L-5d 18 >300 74.14 9.15 5.09 74.11 9.48 5.54
Table 3.4. NMR chemical shifts (S) in ppm for the p-tert-butylcalix[4]arene 
tetraacetamide compounds in CDCb at 298 K.
Compound 
Proton #
L-Sa L-5b L-5c L-5d
H (l) 1.07 1.05 1.07 1.07
H(2) 6,76 6.73 6.74 6.76
Hcq(3) 3.17 3.05 3.20 3.25
H « (3 ) 5.36
(Jab= 1 2 .8 H z)
5.26
(Jab= 1 2 .9H z)
4.45
(Jab=12 .8H z)
4.53
(Jab=12 .7H z)
H(4) 5.05 5,05 4.47 4.51
H(5) 4.02 3.15 7.20 7.52
H(6) 1.37 1.90 4.19 3.18
H(7) 3.39 0.84 1.20 1.87
H(8) 1.12 3.0 0.91
H(9) — 1.60 — —
H(10) — 0.80 —
AS(Hax-Heq)/ppm 2.19 2.21 1.25 1.28
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Fig. 3.7. H NMR spectrum of p>te/t-butylcalix[4]arene tetradlisopropyl 
acetamide [L-5a] in CDCI3 at 298 K.
£)
Fig. 3.8. H NMR spectrum of /7-te/^-butylcaIix[4]arene tetradiisobutyl 
acetamide [L-5b] in CDCI3 at 298 K.
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Fig. 3.9. NMR spectrum of /?-tert-butyIcalix[4]arene tetraisopropyl 
acetamide [L-5c] in CDCI3 at 298 K.
Fig. 3.10. NMR spectrum of p-tert-butylcalix[4]arene tetraisobutylacetamide
[L-5d] in CDCI3 at 298 K.
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3.1.3. Synthesis of p-te/'t-butylcalix[4]arenes containing 
thiophosphates and mixed functional groups at the lower rim.
With the aim of producing various types of new macrocycles capable of showing 
ionophoric activity towards heavy metal cations, /?-ter^-butylcalix[4]arene has been 
partially and totally functionalised using phase transfer catalysis techniques as 
suggested in the literature/°°'^^^ Partial and total introduction of thiophosphate groups 
at the lower rim of /?-ter/“butylcalix[4]arene followed by the introduction of tertiary 
and secondary acetamides, amines and sulphides to the 1,3-substituted calixarene were 
performed yielding tetrasubstituted calixarenes with mixed ligating functional groups. 
Thus, 5,11,17,23-tetra-/er^-butyl-25,26,27,28"tetrakis(diethylthiophosphate)
calix[4]arene [L-6]; 5,ll,17,23-tetra-/er/-butyl-25,27- bis(diethylthiophosphate)-
26,28-dihydroxycalix[4]arene [L-7]; 5,11,17,23-tetra-/er/-butyl-25,27-bis(diethyl
thiophosphate)-26,28*bis[(diisopropylcarbamoyl)methoxy]calix[4]arene [L-8];
5,11,17,23 -tetra-^er^butyl"25,27-bis(diethylthiophosphate)-26,28- bis[(isopropyl 
carbamoyl)methoxy]calix[4]arene [L-9] ; 5,11,17,23-tetra-/er/-butyl-25,27-
bis(diethylthiophosphate)-26,28-bis[(2-diethylamino)ethoxy]calix[4]arene [L-10]; 
5,11,17,23"tetra-/^/*^-butyl-25,27-bis(diethylthiophosphate)-26,28-bis[(2-methylthio) 
ethoxy]calix[4]arene [L-ll] and 5,ll,17,23-tetra-/er^butyl-25,27-bis[(2-methylthio) 
ethoxy]-26,28-bis[(isopropylcarbamoyl)methoxy]calix[4]arene [L-12] were 
synthesised (Scheme 3.11). There is evidence that these compounds adopt cone 
conformation in solution. The experimental analytical and physical data are shown in 
Table 3.5.
Reaction of /?-/er^butylcalix[4]arene and diethylchlorothiophosphate or 2-chloroethyl 
methyl sulphide (RX) in the presence of 18-crown-6 (phase transfer catalyst) and 
potassium carbonate (weak base) resulted in the formation of 1,3- 
bis(thiophosphorylated) [L-7] and l,3-bis[(2-methylthio)ethoxy] compounds. The 
formation of these compounds appear to be dependent on the nature of the base used. 
It seems convincing that, as suggested for the alkylation of calix[4]arenes^’*®® in the 
presence of a weak base, the reaction proceed via a sequence of cycles of two steps 
involving
f) monodeprotonation of p-/er/-butylcalix[4]arene (Calix[4]) by the base and
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//■) reaction of the calixarenate anion (Calix[4])‘ with the alkylating agent. These are 
described as follows.
Calix[4] + Base 0 Calix[4]- 3.2
Calix[4]- + RX c^ > RCalix[4] 3.3
RCalix[4] + Base 0 RCalix[4]' 3.4
RCalix[4]’ + RX 0 R2Calix[4] 3.5
The 1,3-disubstituted derivative represented in eq. 3.5 is certainly the dead-end for this 
type of reaction when no more calix[4]arenate monoanion can be formed.
These products are usefiil precursors for the synthesis of tetrasubstituted calixarenes 
with mixed ligating functional groups. Thus, the reaction of 5,11,17,23-tetra-fer/- 
butyl-25,27-bis(diethylthiophosphate)-26,28-dihydroxycalix[4]arene [L-7], and
5,11,17,23-tetra-/err-butyl-25,27-bis[(2-methylthio)ethoxy]-26,28-dihydroxy calix[4] 
arene under more drastic conditions (the standard method NaH, THFiDMF 5:1) or the 
phase transfer catalysis method (NaOH 50%, (C5Hn)4NBr, CH2CI2) resulted in the 
formation of the tetrasubstiuted /?-/er/-butylcalix[4]arene. A logical mechanism for the 
formation o f tetrasubstituted calixarenes through the phase transfer catalysis is 
assumed to involve the following,
1) The activation process,
NaOH(,q) + (C5Hn)4NBr(aq) —> (C5H1 i)4N0H(Mg) + NaBr(,q) 3.6
2) Proton abstraction and ion-pair formation,
Calix[4]OH(org) + (C5Hn)4N0H(«g) -> Calix[4]0*(«g) + (C5Hi,)4N (^„g) + H2O 3.7
Calix[4]0'(org) + (C5Hii)4N"(org) Calix[4]0'(C5H,i)4Nr(org) 3.8
3) Nucleophilic displacement and catalysis transfer process,
Calix[4]0-(C5Hll)4N^(org) +  ClP(S)(OCH2CH3)2(org) ^
Calix[4]OP(S)(OCH2CH3)2(org) + (C5Hu)4NCl(.q) 3.9
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Scheme 3.11. illustrates the methods used for the synthesis of di and tetrasubstituted p- 
fôr^-butylcalix[4]arenes.
CIPS(0CH2CH3); 
TPAB.NaOH 50% 
CHgClg, reflux
CIPS(0CH;CH3); 
K2CO3, 18-crown-6 
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Scheme 3.11. Synthesis of /;-tert-butylcalix[4]arene derivatives containing di and 
tetrathiophosphate and mixed functional groups.
The NMR spectral data recorded in CDCI3 at 298 K listed in Table 3.6 indicated 
that all di and tetrasubstituted thiophosphate and sulphide calix[4]arene derivatives 
synthesised exhibit a cone conformation by showing a pair of doublets corresponding 
to the equatorial and axial protons (AB system with 1=12.78-13.96 Hz) with a large 
chemical shift difference (AÔ H«-Heq / ppm) ranging between 1.06 ppm for a more 
regular cone conformation L-7 and 1.60 ppm for the more distorted cone 
conformation L-6. As illustrative cases, NMR spectra of L-6,7,8 and L-12 are 
shown in Figs. 3.12-3.15.
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T ab le  3.5. A naly tical an d  physical d a ta  o f d i a n d  te tra su b s titu te d  p-tert- 
buty lcalix[4]arene.
Compound % Yield m.p. / °C
Microanalysis 
% Calculated % Found
C H N C H N
L-6 33 262-264 57.31 7.38 — 57.21 7.68 —
L-7 44 260-262 65.52 7.83 — 65.66 8.04 —
L-8 46 254-256 66.10 8.48 2.27 65.84 8.82 2.10
L-9 46 218-220 64.67 8.05 2.43 64.39 8.36 2.21
L-10 47 200-201 66.75 8.75 2.43 66.33 8.56 2.31
L -ll 72 236-238 63.25 7.87 — 62.98 8.01
L-12 65 292-293 72.10 8.98 2.82 72.43 8.65 2.82
T ab le  3.6. H  N M R  chem ical shifts (5) in  ppm  fo r th e  d i a n d  te tra su b s titu te d  
p-fert-bu ty lcalix [4]arene  com pounds [L-6,7,8,9,10,11 and L-12] in  C D C b a t  298 K .
Compound 
Proton #
L-6 L-7 L-8 L-9 L-10 L-ll L-12 1
H(l) 1.07 0.86 0.82 0.83 0.81 0.81 0.86
H(2) 6.89 6.69 6.49 6.50 6.45 6.49 6.49
Heq(3) 3.27 3.39 3.27 3.28 3.17 3.20 3.26
H«(3)
(Jab=H z)
4.87
(13.69)
4.46
(13.96)
4.65
(13.28)
4.57
(13.49)
4.48
(13.19)
4.44
(13.19)
4.32
(12.78)
H(4) 4.29 4.32 4.22 4.23 4.18 4.19 4.22
H(5) 1.34 1.39 1.29 1.29 1.29 1.31 3.02
H(6) — 1.32 1.32 1.30 1.33 1.34 2.14
H(7) — 7.11 7.08 7.10 7.10 7.14 1.32
H(8) — 5.13 5.20 4.85 4.12 4.19 7.09
H(9) — — — 6.43 3.10 3.23 4.30
H(10) — - 3.48 4.05 2.62 2.26 6.70
H (ll) - — — 1.14 1.03 —
H(12) — — 1.22 — — — 1.35
AS
H«-Hoq/ppm 1.60 1.07 1.38 1.29 1.31 1.24 1.06
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Fig. 3.12. H NMR spectrum of 5,ll»17,23-tetra-tert-butyl-25,26,27,28-
tetrakis(diethylthiophosphate)caUx[4] arene [L-6] in CDCb at 298 K.
Fig. 3.13. H NMR spectrum of 5,ll,17,23-tetra-fe/f-butyl-25,27-
bis(diethylthiophosphate)-26,28-dihydroxycalix[4] arene [L-7] in CDCb at 298 K.
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s.5 5 .B 2 . 5 2 .BPPM
Fig. 3.14. H NMR spectrum of 5,ll»l'7,23-tetra-te/t-butyl-25,27-bis(diethyl 
thiophosphate)-26,28-bis[(diisopropylcarbamoyl)methoxy]calix[4]arene [L-8] in
CDCb at 298 K.
Fig. 3.15. H NMR spectrum of 5,ll>17j23-tetra-tert-butyl-25,27-bis[(2- 
methylthio)ethoxy]-26,28-bis[(isopropylcarbamoyI)methoxy]calix[4]arene [L-12]
in CDCb at 298 K.
131
Results and Discussion
3.2. Solution properties of /;-^eif-butylcaIix[4] arene 
tetradiisopropylacetamide [L-5a].
3.2.1. Solubility of L-5a and derived Gibbs energies of solution at 
298.15 K
In order to study the ability of these ligands to complex metal cations it was necessary 
to investigate their solution properties. p-/er^-Butylcalix[4]arene tetradiisopropyl 
acetamide L-5a was selected for an exhaustive study (solution and metal-ion 
complexation properties) because this derivative can be obtained in a higher yield 
relative to other amide calix[4]arenes. Thus, solubility data of/7-/er^-butylcalix[4]arene 
tetradiisopropylacetamide in various solvents (butan-l-ol, BuOH; water saturated 
butan-l-ol, BuOH satd HgO; acetone, MegCO; acetonitrile, MeCN; 
dimethyformamide, DMF; tetrahydrofiiran, THF; methanol, MeOH and ethanol, 
EtOH) at 298.15 K are reported in Table 3.7. These data are the average of several 
analytical measurements on the same saturated solution. The standard deviation of the 
data are also included in this table. These data are referred to the process
Calix[4] (solid) -> Calix[4] (s) 3.10
The thermodynamic equilibrium constant for this process may be defined by
^ o _  ^CQfa[4](5) (Cqfa[4])y 2 11
^Calixl4](solid) ^
For neutral species in solution and at relatively low concentrations, the molar activity 
coefficient may be considered equal to unity. Also the activity of the solid 
{cicaiix[4j(soiid)) is unity by convention. Then the equilibrium constant K° is equal to the 
solubility of /?-/er/-butylcalix[4]arene tetradiisopropylacetamide. The data are referred 
to the standard state of 1 mol dm'  ^ (units are cancelled). The relationship between K® 
and the standard solution Gibbs energy, (AsG“) is given by
AsG“ = -R T  In K° - -R T ln S  3.12
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where R = 8.314 J K'  ^mol'^ T is the absolute temperature in K and S is the solubility 
of the calixarene in mol dm‘^  (molar scale).
There are two processes which contribute to the solution Gibbs energy, AsG” as 
described in the following cycle,
Calix[4] (gas)
A d c y  ysoivG "
AsG“ ^
Calix[4] (solid) -----------------► Calix[4] (s)
3.13
These are, the crystal lattice Gibbs energy, AdG° and the solvation Gibbs energy
^solyG®. In order to remove the contribution of the crystal lattice Gibbs energy, the
transfer Gibbs energy, AtG“ to the various solvents at 298.15 for the process described 
by eq. 3.14 is calculated taking acetonitrile as the reference solvent.
Calix[43 (MeCN) Calix[4] (s) 3.14
Data are shown in Table 3.7. The results show that the solubility of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide is higher than those of parent calixarenes 
in these solvents (Table 1.2). This is mainly attributed to the intensive intramolecular 
hydrogen bonds in the latter relative to the former compound. Moreover, the higher 
solubilities of this ligand in some of these solvents is possibly due to specific solute- 
solvent interaction. However, for a better interpretation of the solution process, 
enthalpy and entropy data of solution are required.
Transfer Gibbs energy, (AtG°) data taking acetonitrile as reference solvent are listed in 
Table 3.7. These data reflect that /?-ter/-butylcalix[4]arene tetradiisopropylacetamide 
is better solvated in most solvents than in acetonitrile. However, tetrahydrofiiran is the 
best solvator as observed in the following sequence,
THF > MezCO > BuOH > BuOH satd H2O > EtOH > DMF > MeOH > MeCN
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These results reflect that this calixarene undergoes selective solvation in the various 
solvents. It has been suggested that the extent of solvation of the ligand may be related 
to the Gutmann’s donor number of the solvent.^*’ However, the fact that most 
calixarene derivatives are soluble in solvents like dichloromethane, 1,2 dichloroethane, 
tetrahydrofiiran which are characterised by low donor numbers, clearly indicates that 
this is not a suitable parameter to assess the solvation properties of these macrocycles 
in different solvents.
Calixarene derivatives have been investigated as extracting agents for metal cations 
firom aqueous solutions to the organic phase.®^ ’” ’’^ ^^ ^^ ®'^ ^
Within this context, these macrocycles offer potential applications since these are 
highly insoluble in water. However, in an extraction process, both phases involved 
(water and organic solvent) are mutually saturated and therefore, it is most relevant to 
assess how the presence of water in the organic phase affects the behaviour of the 
macrocycle. Solubility data in butan-l-ol and water saturated butan-l-ol (Table 3.7) 
indicate that the AsG® (and hence, the solubility) values of p-ter/-butylcalix[4]arene 
tetradiisopropylacetamide in these solvents are not significantly different, despite that 
the solubility of water in the alcohol and vice versa is relatively high.^ *® In an attempt 
to obtain finther information on these compounds, solution enthalpies in butan-l-ol 
and water saturated butan-l-ol were determined at 298.15 K and these are now 
discussed.
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Table 3.7. Solubilities data and derived standard Gibbs energies of solution of 
/ 7-tert-butylcaIix[4 ]arene tetradiisopropylacetamide [L-5a] in different solvents at 
298.15 K. Standard energies of transfer from acetonitrile to various solvents.
Solvent* Solubility 
(mol dm"^ )
AsG° 
kj mol'^
AtGVkJmol'^ 
MeCN -> s
MeCN (1.40±0.35)xl0'^ 16.29 0.0
MeOH (2.23±0.11)xl0-" 15.14 -1.15
DMF (3.38±0.29)xl0'^ 14.10 -2.19
EtOH (4.12±0.14)xl0-^ 13.61 -2.68
BuOH satd H2O (7.83±0.18)xl0‘^ 12.02 -4.27
BuOH (1.09±0.02)xl0‘^ 11.20 -5.09
Me2CO (1.53±0.03)xl0'^ 10.36 -5.93
THF (14.8±0.02)xl0‘^ 4.74 -11.55
* Acetonitrile, MeCN; methanol, MeOH; dimethylformamide, DMF; ethanol, EtOH; 
water saturated butan-l-ol, BuOH satd H2O; butan-l-ol, BuOH; acetone, Me2CO and 
tetrahydrofiiran, THF.
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3.2.2. Enthalpy of solution of p-ferf-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] in butan-l-ol and in water saturated 
butan-l-ol at 298.15 K.
Calorimetric measurements were carried out in butan-l-ol and in water saturated 
butan-l-ol at 298.15 K to derive the standard enthalpies of solution, AsH® of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-Sa] in these solvents. In order to 
eliminate any background contribution, corrections for the heat of breaking of empty 
ampoules in the appropriate solvents were applied. These values are the heat ( 0  
produced when empty sealed ampoules were broken in butan-l-ol (Q ~ 0.0089 J) at
298.15 K and in water saturated butan-l-ol (Q = 0.0199 J) at the same temperature.
Tables 3.8 and 3.9 report the enthalpies of solution, (AsH) of this ligand at various 
concentrations (mol dm*^ ), in butan-l-ol and in water saturated butan-l-ol respectively. 
Since no variation was observed in the AsH values by altering the concentration of the 
ligand, the standard enthalpies of solution, (AsH®) are given as the average of the AsH 
values indicated in each table. The standard deviation of the data are also included in 
these tables.
Availability of AsG® values (Table 3.7) allows the calculation of the standard solution 
entropies, AgS® ofp-ter/-butylcalix[4]arene tetradiisopropylacetamide in these solvents 
from the following equation,
AsG® = AsH®-TAsS® 3.15
The standard Gibbs energy, enthalpy and entropy of transfer for L-5a from butan-l-ol 
to water saturated butan-l-ol were also calculated from eq. 3.16 (AsP° = AsH®, AsH®, 
AsS®) and reported in Table 3.10.
AtP®(BuOH-»BuOH utd H20) =  AsP®(BuOH Mtd H20) ’  AsP®@uOH) 3 . 1 6
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These results are striking. Indeed, the observed decrease in entropy and the 
concomitant increase in enthalpic stability in moving from the pure butan-l-ol to the 
water saturated solvent must be attributed to specific-water-ligand interactions. This 
observation was found to be in agreement vnth the molecular dynamic simulations 
performed by Wippf and Vamek^^  ^ in non-aqueous and aqueous solvents. These 
authors concluded that an increase in the concentration of water in the organic phase 
will increase significantly the hydration of the carbonyl groups of the calix[4]arene 
derivative, leading to an open-type conformer (diverging orientation).
Quite clearly the data shown that the system is seriously perturbed by the presence of 
water in the organic phase. The outcome is a complete enthalpy-entropy compensation 
effect since hardly any changes are observed in the AsG” values for this system in 
moving from the pure butan-l-ol to the water saturated solvent. These results give 
support to the interesting formalism (solvent reorganisation associated with chemical 
and physical processes and enthalpy-entropy compensation effects) recently developed 
by Grunwald and Steel^ *® in that AtG“= 0 kJ mof^ from butan-l-ol to water saturated 
butan-l-ol and consequently, AtH° = T AtS®. Danil de Namor has shown that 
misleading conclusions can be drawn from data based solely on Gibbs energies. It is of 
interest to assess the effect of water in the organic phase on the complexing ability of 
the ligand to interact with metal cations. Butan-l-ol was selected as the reaction 
medium due to the fact that a phase separation between butan-l-ol and water can be 
achieved and therefore, this solvent system could be used for the extraction of metal 
cations from aqueous solution to the organic phase using calixarene amide derivatives. 
In the following section, spectrophotometric studies aiming to assess the complexing 
ability of the ligands in butan-l-ol and in water saturated butan-l-ol are discussed.
137
Results and Discussion
Table 3.8. Standard enthalpies of solution of p-terf-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] in butan-l-ol at 298.15 K.
“c / mol dm"^ 4~c AsH/kJmol’^
4.38x10-^ 0.0209 15.36
7.39x10"* 0.0272 15.35
9.06x10"* 0.0301 15.68
1.05x10" 0.0324 15.24
A s lT - 15.41 ±0.19
Final concentration in the calorimetric vessel.
Table 3.9. Standard enthalpies of solution of j7-terr-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] in water saturated butan-l-ol at 298.15 K.
'c /m ol dm" AsH/kJmol*^
7.32x10"* 0.0271 0.85
1.04x10" 0.0322 0.73
1.09x10'^ 0.0330 0 . 6 6
1.28x10" 0.0358 0.82
AsH° = 0.77 ±0.60
* Final concentration in the calorimetric vessel.
Table 3.10. Thermodynamic parameters of solution of / 7-tert-butylcalix[4 ]arene 
tetra diisopropylacetamide [L-5a] in butan-l-ol and in water saturated 
butan-l-ol at 298,15 K. Derived transfer parameters.
Solvent* AsG“ AsH“ AsS° AtG° &H°
kJ mol"^ kJ mol* JK'*mol* kJ mol'* kJ mol* J K ' mol '
BuOH BuOH satd HjO
BuOH 11.20 15.41 14.12 0.82 -14.64 -51.86
BuOH satd H2O 12.02 0.77 -37.73
Butan-l-ol, BuOH; water saturated butan-l-ol, BuOH satd H2O.
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3.3. Spectrophotometric studies.
3.3.1. Interaction of j9-ferf-butylcalix[4] arene tetraacetamides with 
metal cations in butan-l-ol and in water saturated butan-l-ol at 
298.15 K.
The so called Job’s method (continuous variation)*^  ^was used for the determination of 
the complexing ability of / 7-ter/-butylcalix[4 ]arene tetraacetamides L-5a, 5b, 5c and 
L-5d towards several metal cations [Pb(II), Cd(II), Zn(II), Tl(III), In(in) and Ga(III)] 
as well as the composition of the metal-ion complexes in butan-l-ol at 298.15 K. 
These studies were also performed in water saturated butan-l-ol for only L-5a In this 
solvent, other metal cations [Li(I), Na(I), K(I), Rb(I), Cs(I), and Ag(I)] were also 
investigated. The results obtained for each metal cation in each solvent are discussed 
separately,
3.3.I.I. Spectrophotometric titration of p-terr-buty!calix[4]arene tetra 
diisopropylacetamide [L-5a] with Pb(CI0 4 )2 .3 H2 0  in butan-l-ol at 298.15 K.
Fig.3.16. shows the spectrophotometric titration curve of L-5a with a solution of 
Pb(II) perchlorate in butan-l-ol in the molar fraction ranging from 0.126 to 0.502, The 
absorbance values were obtmned from scanning between 250-300 nm and readings at 
several wavelengths were taken. Absorbance values were plotted as a function of the 
molar fraction scale of Pb(IE) as shown in Fig.3.16 a. These data show a steady 
decrease of the absorbance of the solution when Pb(II) was added to the ligand until a 
minimum value is reached. Since the minimum absorbance corresponds to 0.5 molar 
fraction of Pb(H), it is concluded from these data that 1:1 (Pb^ "^ :L) stoichiometry 
complex is formed in solution. One isosbestic point was observed at 271 nm (Fig. 
3.16).
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Fig. 3.16. Spectrophotometric titration of/i-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Pb(II) perchlorate in butan-l-ol at 298.15 K.
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Fig. 3.16 a. Plots of absorbance against molar fractions of Pb(ll) perchlorate in
butan l-ol at 298.15 K.
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3.3.I.2. Spectrophotometric titration of /?-#e7t-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Cd(C1 0 4 )2 .6 H2 0  in butan-l-ol at 298.15 K.
The spectrophotometric titration curve of L-5a with a solution of Cd(II) perchlorate in 
butan-l-ol in the molar fraction of Cd(II) ranging from 0.129 to 0.512 is shown in 
Fig.3.17. The absorbance values were obtained from scanning between 250-300 nm 
and readings at several wavelengths were taken. Thus, Fig.3.17 a shows the 
relationship between the absorbance and the molar fraction of Cd(II). These data show 
a steady decrease of the absorbance of the solution when Cd(II) was added to the 
ligand, due to a decrease in the amount of ligand. When an excess of Cd(II) solution is 
added, nearly the same absorbance was observed. From the data obtained the minimum 
absorbance value corresponds to 0.5 molar fraction of Cd(II). Therefore, the ligand 
interacts with this cation with which the formation of 1:1 (Cd^^iL) complex. One 
isosbestic point was observed at 254 nm (Fig. 3.17).
5
Fig. 3.17. Spectrophotometric titration of/i-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Cd(II) perchlorate in butan-l-ol at 298.15 K.
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Fig, 3.17 a. Plots of absorbance against molar fractions of Cd(n> perchlorate in
butan-l-ol at 298.15 K.
3.3.I.3. Spectrophotometric titration of p-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Zn(C1 0 4 )2«6 H2 0  in butan-l-ol at 298.15 K.
Fig.3.18. shows the spectrophotometric titration curve of L-5a with a solution of 
Zn(II) perchlorate in the molar fraction o f Zn(II) ranging from 0.130 to 0.512. 
Readings at several wavelengths between 250-300 nm were made and the absorbance 
values recorded. Absorbance values were plotted as a fimction of the molar fraction of 
Zn(II) as shown in Fig.3.18 a. These data show a steady decrease of absorbance of the 
solution when Zn(II) was added to the ligand. A minimum absorbance value 
corresponding to 0.5 molar fraction of Zn(II) is observed. One isosbestic point is found 
at 256 nm (Fig. 3.18). The results obtained indicate the formation of 1:1 (Zn^^iL) 
complex in this solvent.
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s
Fig. 3.18. Spectrophotometric titration of/7-t^rr-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Zn(II) perchlorate in butan-l-ol at 298.15 K.
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Fig. 3.18 a. Plots of absorbance against molar fractions of Zn(II) perchlorate in
butan-l-ol at 298.15 K.
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3.3.1.4. Spectrophotometric titration of /?-te/t-butylcalix[4] arene tetra
diisopropylacetamide [L-5a] with AgC1 0 4  in butan-l-ol at 298.15 K.
Fig.3.19. shows the spectrophotometric titration curve over the 250-300 nm 
wavelengths range for L-Sa - Ag(I) perchlorate system in butan-l-ol in the molar 
fraction of Ag(I) range from 0.224 to 0.502. The absorbance values were obtained 
from readings at several wavelengths. Fig 3.19 a. shows the plot of absorbance against 
the molar fraction of Ag(I) added. The stoichiometry of the Ag(I) complex was 
deduced from the inflection point which corresponds to 0.5 molar fraction of Ag(I) 
indicating the formation of 1 : 1  (Ag^:L) complex. One isosbestic point was observed at 
254 nm (Fig 3.19).
5
Fig. 3.19, Spectrophotometric titration ofp-t&rt-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Ag(l) perchlorate in butan-l-ol at 298.15 K.
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Fig. 3.19 a. Plots of absorbance against molar fractions of Ag(I) perchlorate in
butan-l-ol at 298.15 K.
3.3.I.5. Spectrophotometric titration of /7-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with NaC1 0 4  in butan-l-ol at 298.15 K.
The spectrophotometric curve obtained from the titration of L-5a with Na(I) 
perchlorate in butan-l-ol in the Na(I) molar fraction ranging from 0.124 to 0.497 is 
shown in Fig.3.20. The absorbance values obtained from scanning between 250-300 
nm were plotted as a fimction of the molar fraction of Na(I) as shown in Fig.3.20 a. 
These data show a steady decrease of the absorbance of solution when Na(I) was 
added to the ligand until a minimum absorbance value is reached, which to the 
inflection point was found. The minimum value corresponding to 0.5 molar fraction of 
Na(I) indicates the formation of 1:1 (Na^: L) complex. One isosbestic point was 
observed at 252 nm (Fig. 3.20).
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g
Fig. 3.20. Spectrophotometric titration of p-tert-butyicali%[4]arene tetra 
diisopropylacetamide [L>5a] with Na(I) perchlorate in butan-l-ol at 298.15 K.
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Fig. 3.20 a. Plots of absorbance against molar fractions of Na(I) perchlorate in
butan-l-ol at 298.15 K.
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3.3.1.6. Other metal cations.
Fig.3.21. represents a typical spectrophotometric titration curve for L-5a in the 
presence of In(III) chloride ranging from 0.130 to 0.501 molar fractions. No 
complexation was observed. Similar plots were obtained for T1(III) and Ga(III) 
cations.
Fig, 3.21. Spectrophoto metric titration ofp-t^rr>butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with In(III) in butan-l-ol at 298.15 K.
3.3.2.I. Spectrophotometric titration of /7-tert-butylcalix[4]arene tetradiisopropyl 
acetamide [L-5a] with Fb(CI0 4 )2«3 H2 0  in water saturated butan-l-ol at
298.15 K.
Fig.3.22. shows the spectrophotometric titration curve of L-5a vrith a solution of 
Pb(H) perchlorate in the molar fraction ranging from 0.13 to 0.512. The absorbance 
values were obtained from scanning between 250-300 nm. The maximum absorption 
was found at 283.2 nm but readings at several wavelengths were taken. Absorbance 
values were plotted as a function of the molar fraction scale of the Pb(II) as shown in 
Fig.3.22 a. These data show a steady decrease of the absorbance of the solution when 
Pb(n) was added to the ligand. From the data obtained 1:1 (Pb^^:L) stoichiometry was 
found for the complex since the minimum absorbance value corresponds to 0.5 molar 
fraction. One isosbestic point was observed at 271 nm (Fig. 3.22).
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Fig. 3.22. Spectrophotometric titration of p-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Pb(H) perchlorate in water saturated
butan-l-ol at 298.15 K.
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Fig. 3.22 a. Plots of absorbance against molar fractions of Pb(II) perchlorate in
water saturated butan-l-ol at 298.15 K.
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S.3.2.2. Spectrophotometric titration of / 7>tert-butylcalix[4 ] arene tetra 
diisopropylacetamide [L-5a] with Cd(C1 0 4 )2 .6 H2 0  in water saturated butan-l-ol 
at 298.15 K.
Fig. 3.23. shows the spectrophotometric curve obtained from scanning in the 250-300 
nm region for the titration of L-5a with Cd(II) perchlorate in water saturated 
butan-l-ol in molar fraction ranging from 0.146 to 0.506. Absorbance values were 
plotted as a function of the molar fraction of Cd(II) as shown in Fig. 3.23 a. These data 
show a steady decrease of the absorbance of the solution when Cd(II) was added to 
the ligand until a minimum value corresponding to 0.5 molar fraction of Cd(II) is 
observed. From the data obtained it is concluded that the complex stoichiometry is 1:1 
(Cd^^:L). One isosbestic point was observed at 255 nm (Fig. 3.23).
g
Fig. 3.23. Spectrophotometric titration of j7-teft-butylcalix[4 ]arene tetra 
diisopropylacetamide[L-5a] with Cd(II) perchlorate in water saturated
butan-l-ol at 298.15 K.
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Fig. 3.23 a. Plots of absorbance against molar fractions of Cd(II) perchlorate in 
water saturated butan-l-ol at 298.15 K.
3.3.2.3. Spectrophotometric titration of / 7-terf-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with AgC1 0 4  in water saturated butan-l-ol at
298.15 K.
Fig. 3.24. shows the spectrophotometric titration of L-5a with a solution o f Ag(I) 
perchlorate in the molar fraction ranging from 0.112 to 0.502. The absorbance values 
were obtained from scanning between 250-300 nm. Absorbance values were plotted 
as a function of the molar fraction scale of Ag(I) as shown in Fig. 3.24 a. These data 
show a steady decrease of the absorbance of the solution when Ag(I) was added to the 
ligand until a minimum value corresponding to 0.5 molar fraction is observed. From 
the data obtained 1:1 (Ag^:L) stoichiometry is found for the silver complex in this 
solvent. One isosbestic point was observed at 253 nm (Fig. 3.24).
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Fig. 3.24. Spectrophotometric titration of / 7-tert-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Ag(I) perchlorate in water saturated
butan-l-ol at 298.15 K.
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Fig. 3.24 a. Plots of absorbance against molar fractions of Ag(l) perchlorate in
water saturated butan-l-ol at 298.15 K.
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3.3.2.4. Spectrophotometric titration of /7-tert-butylcalix[4] arene tetra 
diisopropylacetamide [L-5a] with NaC1 0 4  in water saturated butan-l-ol at
298.15 K.
The absorbance values obtained from scanning between 250-300 nm for the titration of 
L r5a  with a solution of Na(I) perchlorate in the molar fraction ranging from 0.136 to 
0.558 are shown in Fig. 3.25. Fig. 3.25 a. shows the relationship between the 
absorbance and the molar fraction of Na(I) at three different wavelengths. These plots 
show a steady decrease of the absorbance of solution when Na(I) was added to the 
ligand until a minimum absorbance is found which corresponds to 0.5 molar fraction 
indicating the formation of 1:1 (Na^:L) complex.
s
Fig. 3.25. Spectrophotometric titration of j?-tgrt-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Na(I) perchlorate in water saturated
butan-l-ol at 298.15 K.
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Fig. 3.25 a. Plots of absorbance against molar fractions of Na(l) perchlorate in 
water saturated butan-l-ol at 298.15 K.
S.3.2.5. Other metal cations.
Spectrophotometric titrations of L-5a with Li(I) and K(I) perchlorates in water 
saturated butan-l-ol at 298.15 K carried out in the 250-300 nm range (Fig. 3.26) show 
a small decrease in absorbance values which may indicate that the interaction of this 
ligand with these cations is relatively weak. No complexation was observed when L-5a 
was titrated in separate experiments with Rb(I), Cs(I), Zn(II), T1(I), Tl(III), In(III) and 
Ga(III) cations as reflected in the spectrophtometric titration curves shown in Fig. 
3.27.
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Fig. 3.26. Spectrophotometric titration of7 ;-te/t-butylcaHx[4 ]arene tetra 
diisopropylacetamide [LrSa] with K(l) perchlorate in water saturated butan-l-ol
at 298.15 K.
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Fig. 3.26 a. Plots of absorbance against molar fractions of K(I) perchlorate in
water saturated butan-l-ol at 298.15 K.
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Fig. 3.27. Spectrophotometric titration of/7-teif>butylcaIix[4 ]arene tetra 
diisopropylacetamide [Lr5a] with Rb(I) perchlorate in water saturated
butan-l-ol at 298.15 K.
3.3.3.I. Spectrophotometric titration of j7-te/t-butylcalix[4 ]arene tetradiisobutyl 
acetamide [L-Sb] with Pb(II), Cd(ll) and Zn(ll) perchlorates in butan-l-ol at
298.15 K.
Figs. 3.28 and 3.29. show the spectrophotometric titration curves of L-5b with 
solutions of Pb(C1 0 4 )2 .3 H2 0 , Cd(CI0 4 ) 2  6 H2 O and Zn(CI0 4 )2 .6 H2 0  in butan-l-ol in 
the molar fractions ranging from 0.13 to 0.512. The absorbance values were obtained 
from scanning between 250-300 nm and readings at several wavelengths were taken. 
The steady decrease o f the absorbance values when Pb(II), Cd(II) and Zn(II) solutions 
were added was due to a decrease of the amount of the ligand. From the data obtained 
1 : 1  (M^^:L) stoichiometry complexes were found since the minimum values correspond 
to 0.5 molar fractions. One isosbestic point was observed for Pb(II), Cd(II) and Zn(II) 
at 271, 254 and 257 nm respectively.
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i
Fig, 3.28. Spectrophotometric titration of /i-ter/-butylcalix[4]arene tetra 
diisobutylacetamide [L-5b] with Pb(H) perchlorate in butan-l-ol at 298.15 K.
2
Fig. 3.29. Spectrophotometric titration of/?-tert-butylcalix[4]arene tetradiiso 
butylacetamide [L-5b] with Zn(ll) or Cd(II) perchlorates in butan-l-ol at
298.15 K.
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3.3.3.2. Other metal cations.
Fig. 3.30. shows a representative spectrophotometric titration curve of L-5b with 
Ga(III) nitrate in the molar fraction ranging from 0.130 to 0.512 in butan-l-ol at
298.15 K. Decrease of the absorbances of the solution were not observed when Ga(III) 
was added. This reveal that complexation between this ligand and this cation is unlikely 
to occur. Similar results were observed when L-5b was titrated separately with 
solution containing T1(III) and In(III) metal cations.
j
Fig. 3.30. Spectropbotometric titration of/7-teit-butylcaIix[4 ]arene tetra 
diisobutylacetamide [LrSb] with Ga(lII) nitrate in butan-l-ol at 298.15 K.
3.3.4.I. Spectropbotometric titration of p-^ert-butylcalix[4]arene tetraisopropyl 
acetamide [L-5c] with Pb(II), Cd(II) and Zn(H) perchlorates in butan-l-ol at
298.15 K.
Figs. 3.31 and 3.32. show the spectrophotometric titration curves obtained from 
scanning between 250-300 nm for the titration of L-5c with solutions of 
Pb(C1 0 4 )2 .3 H2 0 , Cd(Cl0 4 )2 .6 H2 0  and Zn(C1 0 4 ) 2  6 H2O in the molar fractions ranging 
from 0.13 to 0.512 in butan-l-ol. The decrease in the absorbance values when Pb(II), 
Cd(II) and Zn(II) solutions were added to the ligand was attributed to the decrease in 
the amount of ligand consumed to form the complex. From the data obtained 1:1 
(M^^:L) stoichiometry complexes were found since the minimum values correspond to 
0.5 molar fractions. One isosbestic points for Pb(II), Cd(II) and Zn(II) complexes were 
observed at 271, 254 and 256 nm respectively.
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Fig. 3.31. Spectrophotometric titration ofp-tert-butylcalix[4]arene tetra 
isopropylacetamide [L-5c] with Pb(II) perchlorate in butan-l-ol at 298.15 K.
Î
Fig. 3.32. Spectrophotometric titration ofp-tert-butylcalix[4]arene tetra
isopropylacetamide [L-5c] with Cd(II) or Zn(II) perchlorates in butan-l-ol at
298.15 K.
3.3.4.2. Other metal cations.
Fig. 3.33. shows a representative spectrophtometric curve for the titration of L-5c with 
a solution of In(III) chloride in the molar fraction ranging from 0.13 to 0.512 in 
butan-l-ol at 298.15 K. No interaction was observed in these studies. Similar plots 
were obtained for Tl(III) and Ga(III) metal cations.
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Fig. 3.33. Spectrophotometric titration of/7-tert-<butylcalix[4 ]arene 
tetraisopropylacetamide [L-5c] with In(IlI) in butan-l-ol at 298.15 K.
3.3.51. Spectrophotometric titration of /?-tert-butylcalix[4] arene tetraisobutyl 
acetamide [L-5d] with Pb(H), Cd(II) and Zn(Il) perchlorates in butan-l-ol at
298.15 K.
From scanning in the 250-300 nm region spectrophotometric titration curves for L-5d 
and solutions of Pb(C1 0 4 )2 .3 H2 0 , Cd(C1 0 4 )2 .6 H2 0  and Zn(C1 0 4 ) 2  6 H2O in the molar 
fractions ranging from 0.13 to 0.512 were obtained (Figs. 3.34 and 3.35). The steady 
decrease of the absorbance values when Pb(II), Cd(II) and Zn(II) solutions were added 
was due to the decrease of the amount of the free ligand. From the data obtained 1:1 
(M^^:L) stoichiometry complexes were found since the minimum absorbance 
correspond to 0.5 molar fractions. Isosbestic points (one) were observed for Pb(II), 
Cd(II) and Zn(II) complexes at 272, 256 and 258 nm respectively.
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Fig. 3.34. Spectrophotometric titration o f/7-te/t-butylcalix[4 ]arene tetraisobutyl 
acetamide [L-5d] with Pb(D) perchlorate in butan-l-ol at 298.15 K.
Fig 3.35. Spectrophotometric titration ofp-te/f-butylcalix[4]arene tetraisobutyl 
acetamide [L-5d] with Cd(ll) or Zn(Il) perchlorates in butan-l-ol at 298.15 K.
3.3.5.3. Other metal cations.
From scanning in the 250-300 nm wavelength range the spectrophtometric curve for 
the titration of L-5d with a solution of Ga(III) nitrate ranging from 0.130 to 0.501
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molar fraction in butan-l-ol at 298.15 K was obtained (Fig. 3.36). No changes were 
observed in the absorbance of solution when Ga(III) was added. This indicates that 
complexation between this ligand and this cation in this solvent is unlikely to occur. 
Similar curves were obtained for the titration of solutions containing Tl(III) and In(III) 
metal cations.
s
Fig. 3.36. Spectrophotometric titration of p-tert-butylcalix[4]arene tetraisobutyl 
acetamide [L-Sd] with G a(in ) nitrate in butan-l-ol at 298.15 K
From the spectrophotometric studies discussed above, the following conclusions can 
be drawn,
0  Ligands L-5a and L-5b are able to interact with Pb(II), Cd(II) and Zn(II) metal 
cations in butan-l-ol. However, ligands L-5c and L-5d appear to be weak complexing 
agents for these cations in the same solvent. This may be attributed to the possibility of 
internal hydrogen bonding between the oxygen and the hydrogen of the secondary 
amide calixarene which limits the complex capacity of these ligands for metal 
cations. In addition, ligand L-5a was able to complex Na(I) and Ag(I) metal cations 
in butan-l-ol.
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ii) In water saturated butan-l-ol, the complexing ability of L-5a towards Pb(II), 
Cd(II), Na(I) and Ag(I) decreases. However, no complexation was found between this 
ligand and Zn(II). This may be due to the strong interaction between Zn(II) and water 
in the water saturated butan-l-ol as reflected in the favourable Gibbs energy of 
hydration ofZn(II) (-2001.4 kJ mol' )^.^ '^^^  ^The spectrophotometric titration plots for 
K(I) and Li(I) metal cations (Fig. 3.26 a) indicate that weak complexes are formed 
between these cations and L-5a in the water saturated butan-l-ol.
Hi) From the sharp minimum in absorbance found at the 0.5 molar fraction, it is 
concluded that in both solvents, butan-l-ol and water saturated butan-l-ol, 1 : 1  
(Nf^: L) complex stoichiometries are formed.
3.4. Synthesis and characterisation of mctal-ion complexes 
ofp-tgrt-butylcalix[4]arene tetradiisopropylacetamide [L-5a].
Based on qualitative spectrophotometric studies discussed in the previous section 
which indicated that, /) /?-ter/-butylcalix[4]arene tetradiisopropylacetamide L-5a forms 
1:1 complexes with Pb(II), Cd(II), Zn(II), Na(I) and Ag(I) metal cations in butan-l-ol 
and in water saturated butan-l-ol ii) the stability of these complexes appear to be 
sufiSciently high as to proceed with their isolation, several complexes were synthesised 
and characterised by microanalysis. In order to obtain information regarding the site of 
interaction of L-5a and these metal cations NMR and IR spectroscopy studies 
were performed, and these are discussed.
3.4.1. Microanalysis.
Microanalysis data carried out at the University of Surrey reported in Table 3.11 show 
a good agreement between the calculated and the observed values. These complexes 
decomposed at temperatures higher than 300 °C .
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3.4.2. H NMR studies.
Tables 3.12-3.15 list the NMR chemical shifts of the ligand p ’-tert- 
butylcalix[4]arene tetradiisopropylacetamide and its metal-ion complexes in 
chloroform-d (CDCI3), butan-1-ol-dio (CD3 (CD2)3ÛD), ethanol-de (CD3CD2OD) and 
methanol-d4 (CD 3OD) at 298 K. The spectra confirm that a pure sample of the ligand 
LrSa has been isolated.
13)Ax
CH;
CH CHCH
CH
CH
(8)
The spectrum o f/7-te7*/-butylcalix[4 ]arene tetradiisopropylacetamide L-5a in CDCI3 at 
298 K (Fig 3.7) shows the expected singlets for the p-tert-buty\ protons (HI), the 
methylene protons of the acetamide groups (H4) and the aromatic protons (H2) 
whereas the bridging methylene protons appear as a pair of doublets arising from the 
axial (H»x) and equatorial (Heq) positions. Two multiplets and pair of doublets arising 
from the acetamide terminal protons (H5,7) and (H6 ,8 ) respectively were also 
observed. The simplicity of the spectra confirm that in CDCI3 the ligand has a cone 
conformation.
The NMR spectra of the metal-ion complexes in CDCI3 at 298 K are shown in Figs. 
3.37-3.41. Comparison of the NMR spectrum of the fi*ee ligand with those for the 
metal ion complexes shows considerable differences. Thus, Table 3,11 shows the 
chemical shift changes (AS, ppm) for the various complexes in CDCI3 at 298 K. The 
largest variation in chemical shifts are experienced by the axial protons, (H«c), which 
moved 1.10, 1.30, 0.96, 0.95 and 0.91 ppm upfield for Pb^^ Cd^^ Zn^ ,^ Na^ and Ag  ^
respectively. Significant upfield shifts are also observed for the methylene protons of 
the acetamide groups (H4).
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The upfield shift experienced by the methylene protons of the acetamide groups (H4) 
can be explained by assuming that upon complexation the functional groups of the 
amide adopt a tram  conformation, which brings the amide groups towards the cation 
located in the interior of the hydrophilic cavity with the methylene protons above the 
aromatic ring where they experience a shielding effect/^®’^ ®^ All other proton signals 
shift downfield upon complexation with metal cations as expected since the metal ions 
are electron withdrawing.
The same results were obtained when butan-1-ol-dio, ethanol-d^ and methanol-d4 were 
used as solutions (Table 3.13-3.15). This solvent independence suggests that the 
solution phase structures may be the same as the solid. However, the only difference 
observed was the A6  (H«-Hcq) values which seem to follow the polarity order of the 
solvent concerned (MeOH > EtOH > BuOH > CHCls).^** The higher the polarity of 
the solvent, the lower the solubility of the ligand and therefore, the lowest is the Aô 
value. Thus, among these solvents, methanol has the highest polarity and in this 
solvent, the A5 value is the lowest (Figs 3.42-3.44).
Beer and coworkers^ '^  ^ have reported the crystal structures of Pb^ ,^ Zn^ ,^ Ni^ ,^ Fe^  ^
and Cu^  ^ complexes with a closely related amide containing ethyl groups instead of 
isopropyl [L-5a] where the ligand is found in all cases in a cone conformation. The 
Pb^  ^and Zn^  ^complexes are isomorphous with all of the available oxygen donor atoms 
(eight) coordinated to the metal cations. However, for Zn^  ^ the mean distance to the 
carbonyl oxygen atoms (2.08 Â) is significantly shorter than that to the phenoxy 
oxygen atoms (2.58 A), whereas the effect for Pb^  ^ is much less pronounced (mean 
distance to the carbonyl and phenoxy oxygen atoms are 2.47 and 2.61 A respectively). 
Thus, for Zn^  ^the bonding of this cation with the ether oxygen atoms is weaker but the 
spatial arrangement of the eight oxygen atoms better fits the requirement of the much 
larger Pb^  ^cation to give strong bonds with the eight donor atoms. The result of the 
X-ray crystallographic study suggests a strong interaction with Pb^  ^relative to Zn^ .^
The ether oxygen atoms form a square plane for both metal cations which is fairly
inflexible and determined by the cone conformation of the aromatic rings which
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encapsulate a molecule of acetonitrile. The cone angles are not reported. Conversely 
the carbonyl groups, which also form a square plane at the lower rim, are much more 
flexible allowing a closer approach of the carbonyl oxygen atoms as required for the 
smaller Zn^  ^ion.
These differences between Zn^  ^and Pb^  ^might be reflected in the physical properties 
of the L-5a complexes assuming that /) the structures found by Beer et al. are similar 
for L-Sa complexes and ii) the structures in the solid state are the same as those in 
solution as suggested by the solvent independent nature of the NMR spectra.
Low field shifts for the protons adjacent to the binding sites (H5,7) for Pb^  ^ , Cd^  ^and 
Zn^  ^ (0.25, 0.31, 0.31 ppm respectively) may confirm that the carbonyl groups are 
coordinated with the larger values for the two smaller ions suggesting a closer 
approach of the oxygen atoms to the metal ion. With respect the high field shift 
experienced by H4, there is no significant difference between Pb^  ^and Zn^  ^ (0.13 and 
0.14 ppm respectively).
The AS (Hax-Hcq) values show significant differences with the highest value for Zn^  ^
(0.88 ppm) compared with Cd^  ^ (0.50 ppm) and Pb^ "" (0.64 ppm). It has been 
suggested^*® that high AS values indicate that the two pair of benzene rings are less 
symmetrical with respect to each other which may be a reflection of the observations 
noted by Beer et aï. Thus, NMR spectra of L-Sa complexes and the reported 
crystal structures suggest that the selectivity for divalent cations follows the sequence 
Cd^^>Pb^^^Zn^^
Coordination of the ligand to these metal cations is confirmed by the fall in the 
frequency of the C=0 stretching vibrations (approx. 50 cm'^) observed in the IR 
spectra of the metal complexes compared with that for the free ligand (see section 
3.4.3).
The behaviour of the cadmium complex was slightly different from the others at room 
temperature. This complex show a very broad peak for the methylene protons (4) at
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298 K. With an increase in temperature to 328 K a sharper peak arises for protons (4) 
at 4.69 ppm which might be attributed to the slow relaxation rates of these protons at
1Q4room temperature.
The NMR spectra for the Na^ and Ag"*^ complexes are much the same suggesting a 
very similar environment for the two ions. The spectra are also broadly similar to those 
of the Pb^ ,^ Cd^  ^and Zn^  ^complexes but the values of the shifts appear to separate the 
monovalent from the divalent cations. It should also be noted that for the Na^ and Ag  ^
complexes there is very little change in the frequency of the C=0 vibration of the 
amide group on complexation (see section 3.4.3).
The downfield shifts for protons H5,7 are much smaller for Na^ and Ag  ^ (0.11 and 
0.16 ppm) than for the divalent metal complexes which may suggest a weaker 
interaction with the carbonyl oxygen atoms for the monovalent ions. Coordination of 
the amide through the nitrogen atoms is ruled out because of the very small shifts 
found for protons H5,7. Conversely there are much greater upfield shifts for proton H4 
(0.54 and 0.57 ppm for Na"^  and Ag  ^ respectively) suggesting a closer involvement 
with the ether oxygen atoms which would require a larger conformational change.
Similarly, the AÔ (H,x-H«i) are much larger for the monovalent ions (1.11 and 1.16 
ppm for Na^ and Ag"^ , respectively) than for divalent cations (0.50, 0.64 and 0.88 ppm 
for Cd^ % Pb^  ^ and Zn^  ^ respectively) implying a structural change in the cone 
conformation to accommodate a variation in the mode of coordination o f the 
monovalent compared to the divalent ions. Thus, it would appear that the coordination 
of Na^ and Ag^ to L-5a is much the same. This surprising result would appear to be a 
consequence of charge and size (ionic radii 0.95 and 1.26 A for Na^ and Ag  ^
respectively)^®  ^rather than a consequence of the different acidities of the two ions.
The low solubilities of the isolated complexes in these solvents made it difficult to 
obtain good quality NMR spectra.
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Table 3.11. Microanalysis data of metal-ion complexes of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-5a].
Suggested composition % Calculated 
C H N C
% Found 
H N
[PbL](C104)2 
PbC?6Hi 16N4O16CI2 56.35 7.22 3.46 56.20 7.32 3.33
[CdL](C104)2
CdC76Hii6N40l6Cl2 59.80 7.66 3.67 59.89 7.68 3.55
[ZnL](C104)2
ZnC76Hll6N40i6Cl2 61.77 7.91 3.79 61.41 7.99 3.57
[NaL](CI0 4 )
NaC76Hu6N40i2Ci 68.32 8.75 4.19 68.08 8.85 4.41
[AgL]C104
AgC76Hii6N40i2CI 64.18 8.16 3.94 63.70 8 . 0 1 3.87
Table 3.12, H NMR chemical shifts of L-Sa and its metal-ion complexes in 
CDCb at 298 K.
Ch )
Proton
S(ppm) 
free ligand
A6 (ppm) 
Pb complex
AS(ppm) 
Cd complex
AÔfppm) 
Zn complex
AS(ppm) 
Na complex
A5(ppm) 
Ag complex
1 1.07 -0.07 -0 . 8 -0.09 -0.07 -0.07
2 6.76 -0.42 -0.38 -0.36 -0.34 -0.34
3Eq 3.17 -0.45 -0.39 -0.35 -0.13 -0 . 1 2
3ax 5.36 +1 . 1 0 +1.30 +0.96 +0.95 +0.91
4 5.05 +0.13 — +0,14 +0.54 +0.57
5 4.02 — — —
6 1.37 -0 . 2 2 -0 . 2 0 -0.16 -0 . 1 1 -0 . 1 2
7 3.39 -0.25 -0.31 -0.31 -0 . 1 1 -0.16
8 1 . 1 2 -0 . 1 2 -0.13 -0 . 1 0 -0.05 -0.06
Hax-Heq
ppm 2.19 0.64 0.50 0 . 8 8 1 . 1 1 1.16
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Table 3.13. H NMR chemical shifts of L-5a and its metal-ion complexes in 
C D 3 (C D 2 )3 0 D a t2 9 8 K .
(•h )
Proton
0 (ppm) 
free ligand
Aô(ppm) 
Pb complex
A5(ppm) 
Cd complex
Aô(ppm) 
Zn complex
AS(ppm) 
Na complex
Aô(ppm) 
Ag complex
I 1.08 -0 . 1 1 -0 . 1 1 -0.08 -0.09 -0.08
2 6.75 -0.54 -0.52 -0.36 -0.40 -0.40
3eq 3.12 -0.54 -0.51 -0.40 -0 . 2 1 -0 . 2 0
3ax 5.19 +0.94 +1.13 +0.73 +0 . 6 6 +0 . 6 6
4 5.0 +0.03 — +0.06 +0.41 +0.46
5 4.12 — — -- — —
6 1.42 -0 . 2 1 -0.16 -0.16 -0 . 1 0 -0 . 1 1
7 3.43 -0.29 -0.40 -0.37 -0.18 -0.18
8 1.08 -0.15 -0.15 -0.08 -0.03 -0.04
Hax-Heq
ppm
2.07 0.59 0.43 0.94 1 . 2 0 1 . 2 1
Table 3.14. H NMR chemical shifts of L-5a and its metal-ion complexes in 
CD3 CD2 OD at 298 K.
m
Proton
0 (ppm) 
free ligand
A6 (ppm) 
Pb complex
Aô(ppm) 
Zn complex
A0(ppm) 
Na complex
1 1 . 1 1 -0 . 1 0 -0.09 -0.08
2 6.77 -0.58 -0.46 -0.43
3cq 3.14 -0.61 -0.24
3ax 5.15 +0.92 +0.76 +0.61
4 5.0 +0.03 +0.06 +0.41
5 4.12 — — —
6 — — — —
7 3.47 -0.31 -0.36 -0.17
8 1.38 -0.13 — —
Hax-Heq ppm 2 . 0 1 0.48 — 1.16
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Table 3.15. H NMR chemical shifts of L-5a and its metal-ion complexes in 
CD3 OD at 298 K.
Ch )
Proton
0 (ppm) 
free ligand
Aô(ppm) 
Pb complex
A5(ppm) 
Zn complex
Aô(ppm) 
Na complex
1 1.09 -0.13 -0.09 -0.08
2 6.81 -0.65 -0.52 -0.49
3cq 3.17 -0.55 -0.43 -0.25
3« 5.06 +0.84 +0.81 +0.52
4 4.99 +0 . 0 2 +0 . 1 2 +0.39
5 4.12 — — -
6 1.39 -0 . 2 2 -0.17 -0.14
7 3.54 -0.23 -0.29 -0.06
8 1 . 1 0 -0.14 -0 . 1 1 -0.05
Hax-Heq ppm 1.89 0.50 0.65 1 . 1 2
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3.4.3. Infrared studies.
Metal-nitrogen and metal-oxygen bonds are commonly found in coordination 
compounds. Studies of these coordinate bond stretching and bending modes are very 
important in determining the structure of complexes and the nature of bonding. 
However, these vibrations are difficult to assign since they couple with lower 
frequency modes.
The free ligand L-5a shows two strong bands at 1642 and 1667 cm‘^  for the carbonyl 
groups (Fig. 3.45). Since the free ligand possesses several donor atoms, it is possible 
to determine the coordination sites from the observed bands. The shifts towards lower 
frequency of the carbonyl groups for the following complexes Pb^  ^ 1595 cm '\ Cd^  ^
1603 cm“^ and Zn^  ^ 1603 cm"^  as shown in Figs 3.46-3.48, implies that the 
complexation involve the carbonyl groups. These shifts may be caused by inductive 
effects pulling electrons from the carbonyl groups towards the metal cations in the 
cage structure. This effect will weaken the carbonyl bond and hence will absorb at a 
longer wavelength (lower energy).
The much smaller shifts towards lower frequency observed for the carbonyl groups for 
Ag^ and Na^ complexes (1647 and 1646 cm"^  respectively) (Figs. 3.49 and 3.50) may 
indicate that the carbonyl groups are less likely to coordinate with these cations. 
Coordination through the amide nitrogen atoms could account for this result but this is 
ruled out from the NMR studies.
From NMR and IR studies it can be concluded that the double charge metal cations 
(Pb^ ,^ Cd^  ^and Zn^^ form one class of complexes and the single charge metal cations 
(Na"^  and Ag^) form another class.
Since the previous studies did not provide a quantitative information regarding the 
strength of complexation of L-5a towards metal cations, potentiometric titration 
studies aiming to determine the stability constant (log Ks) for complex formation in 
butan-l-ol and in water saturated butan-l-ol are discussed in the following section.
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JJ
Fig. 3.37. H NMR spectrum (300 MHz) of Pb (H) complex of L-5a in CDCI3
at 298 K.
Fig. 3.38. H NMR spectrum (300 MHz) of Cd(H) complex of L-5a in CDCb
at 298 K.
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Fig. 3.39. H NMR spectrum (300 MHz) of Zn(H) complex of L-5a in CDCI3
at 298 K.
r '
Fig. 3.40. H NMR spectrum (300 MHz) of Ag(I) complex of L-Sa in CDCb
at 298 K.
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AA
Fig. 3.41, H NMR spectrum (300 MHz) of Na(I) complex of L-5a in CDCI3
at 298 K.
5 .0PPM
Fig. 3.42. H NMR spectrum (300 MHz) of/;-tert-butylcalix[4]arene tetra
diisopropylacetamide [L-5a] in CD3 (CDz)3 0 D at 298 K.
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5 .5 2 . 0PPM
Fig. 3.43. H NMR spectrum (300 MHz) of/?-te/t-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] in CD3 CD2 OD at 298 K.
5 . 5 2 , 5PPM
Fig. 3.44, H NMR spectrum (300 MHz) of p-tert-butylcalix[4]arene tetra
diisopropylacetamide [L-5a] in CD3OD at 298 K.
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IDOO
Fig. 3,45. Infrared spectrum of/7-terr-butylcaIix[4]arene tetradiisopropyl
acetamide [L-5a] (KBr).
liao
Fig. 3.46. Infrared spectrum of Pb(II) complex of L-5a (KBr).
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V
Fig, 3,47, Infrared spectrum of Cd(II) complex of L-5a (KBr).
Fig. 3.48. Infrared spectrum of Zn(H) complex of L-5a (KBr)
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Fig. 3.49. Infrared spectrum of Ag(I) complex of L-5a (KBr).
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Fig. 3.50. Infrared spectrum of Na(I) complex of L-5a (KBr).
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3.5. Thermodynamic studies of /;-/^rf-butyIcaIix[4]arene 
tetradiisopropylacetamide [L-5a] and metal cations in 
butan-l-ol and in water saturated butan-l-ol at 298.15 K.
With the purpose of obtaining quantitative data concerning the strength of 
complexation of / 7-terr-butylcalix[4 ]arene tetradiisopropylacetamide [L-5a] and metal 
cations in butan-l-ol and in water saturated butan-l-ol at 298.15 K, the stability 
constants were determined by potentiometry using silver electrodes. This is described 
as follows,
3.5.1. Potentiometric studies for the determination of stability 
constants of L-5a and metal cations in butan-l-ol and in water 
saturated butan-l-ol at 298.15 K.
Potentiometric titrations using silver electrodes were carried out in butan-l-ol and in 
water saturated butan-l-ol at 298.15 K. The data were used to derive the stability 
constant, Ks, referred to the process,
(sj + L(s) ML^Us) 3.17
where , L and ML”^  denote free metal cation, ligand and the 1:1 metal-ion 
complex respectively. The thermodynamic equilibrium constant, Ks, associated to the 
process represented by eq. 3.18 defined in term of activities (a) is
 ] X j.'■5
In eq. 3.18, and y±i are the mean molar activity coefficients of the
metal-ion complex, the free cation and the ligand respectively. In very dilute solutions 
y±L= I and and therefore, Ks in terms of concentrations is considered
to be the thermodynamic equilibrium constant.
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The potentiometric titration curves for the determination of stability constant of p-tert- 
butylcalix[4]arene tetradiisopropyacetamide [L-5a] with Ag  ^ in butan-l-ol and water 
saturated butan-l-ol at 298.15 K are shown in Figs. 3.51 and 3.56. As the amount of 
L-5a (Calix[4]) added increases, the equilibrium position is shifted as to favour the 
Calix[4] to interact with the silver ion. This is unambiguously demonstrated by the 
decrease observed in the silver ion activity as the reaction proceeds,
Ag\s) + Calix[4](s) -> AgCalix[4]\s) 3.19
However, the opposite was observed as the amount of metal added [Pb(II), Cd(II), 
Zn(II), Ag(I) and Na(I)] increases since an increase in the silver ion activity is observed 
(Figs. 3.52 - 3.59). The process taking place is described in eq. 3.20.
AgCalix[4]\s) + M"^) ^  MCalix[4]% + Ag\s) 3.20
For the calculation of stability constant a computer program POTK123.BAS 
developed at the Thermochemistry Laboratory, University of Surrey was used. The 
mathematical treatment involved for these calculations are explained in section 2 ,8 .2 .
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Fig. 3.51. Potentiometric titration curve of/7-teit-butylcalix[4]arene tetra
diisopropylacetamide [L-5a] with Ag(I) in butan-l-ol at 298.15 K.
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Fig. 3.52. Potentiometric titration curve of j?-tcrt-butylcali%[4]arene tetra 
diisopropylacetamide [L-5a] with Pb(II) in butan-l-ol at 298.15 K.
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Fig. 3.53. Potentiometric titration curve of/7-tcrt-butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Cd(II) in butan-l-ol at 298.15 K.
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Fig. 3.54. Potentiometric titration curve of j7-tert-butylcalix[4]arene tetra
diisopropylacetamide [L-5a] with Zn(D) in butan-l-ol at 298.15 K.
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Fig. 3.55. Potentiometric titration curve of / 7-terr-butylcaIix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Na(I) in butan-l-ol at 298.15 K.
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Fig. 3.56. Potentiometric titration curve of p-te/t-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Ag(l) in water saturated butan-l-ol at 298.15 K.
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Fig. 3.57. Potentiometric titration curve ofp-te/t-butylcalix[4]arene tetra
diisopropylacetamide [L-Sa] with Pb(II) in water saturated butan-l-ol at 298.15 K.
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Fig. 3.58. Potentiometric titration curve of/7>te/t>butylcalix[4 ]arene tetra 
diisopropylacetamide [L-5a] with Cd(n) in water saturated butan-l-ol at 298.15 K.
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Fig. 3.59. Potentiometric titration curve ofp-fgrf-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] with Na(l) in water saturated butan-l-ol at
298.15 K.
As far as the stoichiometry is concerned, the first derivative Figs. 3.60 and 3.61 in 
butan-l-ol and in water saturated butan-l-ol respectively, indicate the formation of a 
1:1 (M”^ : L) stoichiometry metaWon complex. The results obtained by this technique 
were found to be in full agreement with those obtained by titration spectrophotometry 
(section 3.3).
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Fig. 3.60. The first derivative^^ to indicate the end point of the titration of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-5a] with silver in butan-l-ol at
298.15 K.
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Fig. 3.61. The first derivative^^ to indicate the end point of the titration of a 
metal-ion with p-^ert-butylcalix[4]arene tetradiisopropylacetamide [L-5a] in
butan-l-ol at 298.15 K.
Stability constant data referred to the complexation process (eq. 3.17) for p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-5a] and metal cations (Nsl', A g ,  Pb^ "^ , 
Cd^  ^ and Zn^ )^ in butan-l-ol and in water saturated butan-l-ol at 298.15 K are 
reported in Tables 3.16 and 3.17. Also included in these tables are the standard Gibbs 
energies of complexation, AcG°, calculated from
AcG“ = -RTlnKs 3.21
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where R is the universal gas constant (8.314 J K‘^  mol'^) and T is the absolute 
temperature in K.
It is quite clear from these data that these complexes are highly stable in butan-l-ol 
relative to water saturated butan-l-ol. However, as far as the former solvent is 
concerned the ligand does not show a great deal of selectivity for these cations. Thus, 
log Ks values do not differ significantly for Pb^ ,^ Zn^  ^ and Ag .^ The highest ligand 
affinity is shown for Na .^ Stability constants of a similar derivative^^  ^ (p-tert- 
butylcalix[4]arene tetradiethylacetamide) with Na^ and Ag"" in methanol show the same 
selectivity pattern, although in this solvent, lower stabilities are observed. Since the 
ligand is slightly better solvated in butan-l-ol than in methanol (AsG° for butan-l-ol 
and methanol are 11.20 and 15.14 kJ mol'  ^respectively) it follows that the solvation of 
the ligand is not the predominant factor in the complexation process. Considering the 
transfer Gibbs energies of these cations from methanol to butan-l-ol^^^ [AtG° 
(Na'^ ){MeOH->BuOH) ~ 10.45 kJ mol'\ data based on PIuAsPImB convention]^®* it follows 
that the cation is less solvated in butan-l-ol than in methanol and therefore, 
complexation is more favoured in the former solvent relative to the latter solvent. 
Since the differences in Gibbs energy of complexation of a metal cation and a ligand in 
two solvents are dependent on the corresponding transfer parameter of the ligand, free 
and complexed cations (eq. 3.22)
AcG°(BuOH) -  A cG “(McOH) =
A tG “(M*L)(McOH->BuOH) -  AtG°(M^)(McOH->BuOH) ” A tG “(L)(McOH->BuOH) 3 .2 2
in order to obtain a clear picture of the factors contributing to the higher stability of 
complex formation in butan-l-ol relative to methanol, data for the transfer of the 
metal-ion complex is required. However, an accurate Gibbs energy data could not be 
obtained due to the high solubility of these cations in these solvents.
Gibbs energies of solution of the ligand (Table 3.7) show small differences in 
butan-l-ol relative to water saturated butan-l-ol. The most significant aspect of the 
solution thermodynamics of this ligand in these two solvents is the remarkable
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enthalpy-entropy compensation effects discussed above. However, the dramatic 
differences observed in AcG“ values of butan-l-ol relative to water saturated solvent 
clearly indicate that the presence of water in the organic phase seriously disturb the 
stability of these complexes to an extent that the highly stable zinc complex in butan-l- 
ol is non-existent in the saturated solvent. From the point of view of using these 
ligands as extracting agents, these results are interesting mainly because in these 
processes the organic phase is water saturated.
Molecular dynamic simulation studies performed by Wipff and Vamek^*  ^ appear to 
indicate that water can interact strongly with the carbonyl binding sites of the ligand 
and therefore, complex stability is affected.
The potential applications of these ligands in the water-butan-l-ol solvent system 
should be further explored for the separation of cadmium and zinc. Another application 
is the recovery of expensive enriched cadmium and zinc^ ®®'^ °® used for the production 
of radioactive gallium and indium from other contaminants.
In order to obtain the thermodynamic origin of complex stability, the enthalpy 
associated to these processes was determined by the use of the microcalorimetric 
technique and this is now discussed.
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Table 3.16, Stability constant (log Ks) and the derived standard Gibbs energies 
of ^ >t£/t-butylcalix[4]arene tetradiisopropylacetamide [L-5a] and metal cations 
in butan-l-ol at 298.15 K.
Cation log Kg AcGVkJmol*^
7.76 ±0.08 -44.30 ± 0.40
8.30 ± 0.04 -47,38 ± 0.23
Zn^^ 7.65 ± 0.04 -43.67 ± 0.23
Na"" 9.13 ±0.02 -52.11 ±0.11
Ag" 7.59 ± 0.02 -43.33 ±0.16
Table 3.17. Stability constant (log Ks) and the derived standard Gibbs energies 
of j9-tert-butylcalix[4]arene tetradiisopropylacetamide [L-5a] and metal cations 
in water saturated butan-l-ol at 298.15 K.
Cation logKs AeGVkJmor^
Pb^ "^ 6.23 ± 0.07 -35.56 ±0.36
Cd^ "" 6.56 ±0.10 -37.45 ± 0.42
Li" 2.07 ±0.10 -11.82 ±0.42
Na" 5.98 ±.0.08 -34.14 ±0.40
Ag" 5.89 ±0.09 -33.62 ± 0.41
Zn'" No complexation
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3.5.2. Microcalorimetric studies for the determination of enthalpy of 
complexation of L-5a and metal cations in butan-l-ol and in water 
saturated butan-l-ol at 298.15 K.
From potentiometric studies stability constant data of the metal-ion complexes in 
butan-l-ol and water saturated butan-l-ol were determined. Titration microcalorimetry 
were used to derive the stability constant, Ks, for the less stable metal-ion complexes. 
Enthalpy of complexation, A*H°, o f/7-/‘^ r/-butylcalix[4 ]arene tetradiisopropylacetamide 
and metal cations in butan-l-ol and in water saturated butan-l-ol at 298.15 K were in 
all cases obtained.
In order to minimise the errors in the equilbria and enthalpy data to be derived from the 
microcalorimetric run, a computer simulation program was used to calculate the 
optimal concentrations of the ligand and the metal cations in the two different solvents 
(Figs. 3.62 and 3.63). The sequential potential-time curves for the complexation of 
L-5a with metal cations in butan-l-ol and in water saturated butan-l-ol at 298.15 K 
are shown in Figs. 3.64 and 3.65 respectively. Based on Tian’s equation^®  ^ a dynamic 
correction was used to calculate the integrals from the microcalorimetric curves. 
Stability constants (Ks) and enthalpies of complexation were derived from the 
calorimetric data by using a non-linear regression method based on Marquardt 
algorithm
26,5
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Fig. 3.62. Simulation curve for the calculation of the optimum concentrations of 
L-5a and metal ions in butan-l-ol to be used in the microcalorimetric runs.
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Fig. 3.63. S im ulation  curve fo r th e  calcu lation  o f th e  op tim um  concen tra tions  o f 
L -5a  an d  m etal ions in  w a te r  sa tu ra te d  b u ta n -l-o l to  be used in th e  
m icrocalo rim etric  runs.
Fig. 3.64. P o ten tial-tim e curve  ob tained  from  the  m icrocalo rim etric  t itra tio n  fo r 
L -5a an d  m etal cations in  b u ta n -l-o l a t  298,15 K .
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Fig. 3.65. Potential-time curve obtained from the microcalorimetric titration for 
L r5a and metal cations in water saturated butan-l-ol at 298.15 K.
The derived thermodynamic parameters of complexation of L-5a with metal cations 
(Pb^ ,^ Cd^ ,^ Zn% A g\ Na^ and L f) in butan-l-ol and in water saturated butan-l-ol at
298.15 K are summarised in Tables 3.17 and 3.18 respectively. As far as the data in 
butan-l-ol are concerned, except for Zn^  ^the complexation processes involving these 
metal cations and this ligand are enthalpically favoured and these are accompanied by 
a loss of entropy (negative values). The remarkable decrease in enthalpy and the 
entropy increase observed for the complexation of this ligand with Zn^  ^ in butan-l-ol 
are typical of processes in which desolvation of either ligand or metal cation occurs 
upon complexation.
The data listed in Table 3.19 which are referred to the same process in water saturated 
butan-l-ol show a significant decrease in the enthalpies of complexation and 
substantial increase in the entropie contribution. As a result, in the water saturated 
solvent, the processes are enthalpically and entropically favoured. However, the 
decrease in enthalpic stabilities and concomitant increase in entropy observed in the 
complexation of L-5a and metal cations (Pb^ % Cd^ % Na^ and Ag^) in moving from
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butan-l-ol to the water saturated solvent suggest dramatic solvation changes of 
reactants and the product upon complexation.
Due to the low solubility of the potassium salt in water saturated butan-l-ol, 
thermodynamic data for this system could not be obtained. The very low heat detected 
for the complexation processes of L-5a with Tl^ ,^ In^ ,^ Ga^  ^and Zn^ "^  metal cations in 
water saturated butan-l-ol is indicative (although it is not confirmed) that 
complexation of this ligand and these metal cations in this solvent system is unlikely to 
occur.
As observed in spectrophotometric and potentiometric titrations, the presence of water 
in the organic solvent has prevented the complexation of Zn^  ^ with L-5a. Similar 
behaviour is shown in the thermodynamic data. This could be attributed to the higher 
enthalpy of hydration of zinc (-2046 kJ mol'^) compared with cadmium (-1481 kJ mol**) 
and lead cations (-1807 kJ mol'*), which unables the former to enter complexation with 
this ligand.*^’*®*
In order to acquire more information regarding the complexation of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide with metal cations in butan-l-ol and in 
water saturated butan-l-ol, solution studies for the ligand L-5a, metal cations and their 
complexes are now discussed.
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Table 3.18, Thermodynamic parameters for the complexation of p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-Sa] with metal cations in 
butan-l-ol 298.15 K.
Cation log Ks AcGVkJmol'* AeH^/kJmor* AcS7JK '* mol *
7.76 ± 0.08 -44.30 ± 0.40 -58.70 ±0.30 -48.3
8.30 ±0.04 -47.38 ± 0.23 -58.90 ±0.31 -38.6
Zn’*'^ 7.65 ± 0.04 -43.67 ±0.23 +13.03 ± 0.09 +190.2
Na^ 9.13 ±0.02 -52.11 ±0.11 -53.90 ±0.12 -6 . 0
Ag" 7.59 ±0.02 -43.33 ±0.16 -33.00 ±0.10 +34.6
Table 3.19. Thermodynamic parameters for the complexation of p-tert” 
butylcalix[4]arene tetradiisopropylacetamide [L-5a] with metal cations in water 
saturated butan-l-ol 298.15 K.
Cation logKs AcG°/kJmor* AcH°/kJmor* AcSVJK‘*mor*
Pb"*^ 6.23 ± 0.07 -35.56 ±0.36 -34.02 ±0.28 +5.2
Cd^ 2 6.56 ±0.10 -37.45 ± 0.42 -15.16±0.31 +74.8
Li" 2.07 ±0.10 -11.82 ±0.42 -10.45 ± 0.01 +4.6
Na'" 5.98 ± 0.08 -34.14 ±0.40 -27.82 ±0.10 +2 1 . 2
Ag" 5.89 ± 0.09 -33.62 ±0.41 -18,55 ±0.12 +50.5
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3.5.3. Calorimetric studies for the determination of the standard 
enthalpies of solution (AgH®) of Pb(II), Cd(II) and Zn(II) perchlorates 
and their complexes with L-5a in butan-l-ol and water saturated 
butan-l-ol at 298.15 iC
Calorimetric measurements were carried out in butan-l-ol and in water saturated 
butan-l-ol at 298.15 K to derive the standard enthalpies of solution, (AsH°) of lead(II), 
cadmium(II) and zinc(II) perchlorates and their complexes with p-tert- 
butylcalix[4]arene tetradiisopropylacetamide [L-5a] in these solvents. The results are 
presented as follows,
0  Standard enthalpies of solution of lead(II), cadmium(II) and zinc(II) perchlorates in 
butan-l-ol and in water saturated butan-l-ol at 298.15 K.
ii) Standard enthalpies of solution of cadmium and zinc-/7-rerr-butylcalix[4 ]arene 
tetradiisopropylacetamide complexes in butan-l-ol at 298.15 K.
Hi) Enthalpies of coordination calculated from solution data.
3.5.3.I. Standard enthalpies of solution of lead(ll), cadntium(ll) and zinc(ll) 
perchlorates in butan-l-ol and in butan-l-ol saturated with water at 298.15 K.
Solution enthalpy data for lead(II), cadmium(II) and zinc(II) perchlorates in butan-l-ol 
and in water saturated butan-l-ol at 298.15 K at different electrolyte concentrations 
(mol dm'^) are reported in Tables 3.20-3.25. Since the solution enthalpy values, AsH, 
for these perchlorates in both solvents are not dependent on the electrolyte 
concentration, the standard enthalpies of solution of these electrolytes in both solvents 
are the average of the AsH values given in each table. In order to promote the 
discussion. Table 3.26 summarises the standard enthalpies of solution, AsH®, of these 
electrolytes in butan-l-ol and in water saturated butan-l-ol and the standard enthalpies 
of transfer, AtH®, of these electrolytes from butan-l-ol to water saturated butan-l-ol at
298.15 K.
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Table 3.20. Standard enthalpies of solution of Pb(C1 0 4 )2 .3 H2 0  in butan-l-bl at 
298.15 K,
*c / mol dm'^ A sH /kJm or'
2.264xl0'^ 4.758x10'^ -12.65
2.786x10'^ 5.278x10'^ -11.31
3.802x10'^ 6.166x10'^ -11.39
4.171x10'^ 6.458x10-^ -11.67
4.243x10'^ 6.514x10'^ -11.09 
AsH” = -11.62 ±0.61
Final concentration in the calorimetric vessel.
Table 3.21. Standard enthalpies of solution of Cd(C1 0 4 )2 *6 H2 Q in butan-l-ol at 
298.15 K.
“c mol dm’’ AsH / kJ mol"'
2.800x10'^ 5.291x10"’ -3.26
3.320x10'^ 5.762x10"’ -3.19
3.520x10-’ 5.933x10"’ -3.18
4.782x10-’ 6.915x10"’ -2.91
5.344x10’ 7.310x10"’ -3.07 
AsH" = -3.12 ±0.14
Final concentration in the calorimetric vessel.
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Table 3.22. Standard enthalpies of solution of Zn(C1 0 4 )2 .6 H2 0  in butan-l-ol at 
298.15 K.
‘c / mol dm ’ AsH/k J  mol"'
2.728x10'’ 5.223x10"’ 1.89
3.380x10’ 5.813x10"’ 1.66
4.034x10’ 6.351x10"’ 1.83
4.748x10’ 6.891x10"’ 1.68
5.844x10"’ 7.645x10"’ 1.93
AsH® =1.73 ±0.18
Final concentration in the calorimetric vessel.
Table 3.23. Standard enthalpies of solution of Pb(C1 0 4 )2 .3 H2 0  in water saturated 
butan-l-ol at 298.15 K.
“c/m ol dm'^ AsH/k J  mot"'
2.748x10"’ 5.242x10"’ -23.34
4.127x10"’ 6.424x10"’ -23.44
4.778x10"’ 6.913x10"’ -23.38
5.450x10"’ 7.382x10"’ -23.68
5.719x10"’ 7.562x10"’ -23.12 
AsH” = -23.39 ±0.20
Final concentration in the calorimetric vessel.
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Table 3.24. Standard enthalpies of solution of Cd(C1 0 4 )2 *6 H2 0  in water 
saturated butan-l-ol at 298.15 K.
'c / mol dm"’ v; A sH /kJ mol"'
1.584x10"’ 3.979x10"’ -28.37
3.582x10"’ 5.985x10"’ -27.25
4.112x10"’ 6.413x10"’ -27.84
4.254x10"’ 6.522x10"'^ -27.51
4.578x10"’ 6.766x10"’ -27.79  
AsH° = -27.75 ± 0 .3 4
‘ Final concentration in the calorimetric vessel.
Table 3.25. Standard enthalpies of solution of Zn(C1 0 4 )2 *H2 0  in water saturated 
butan-l-ol at 298.15 K.
*0 / mol dm"’ AsH /  kJ mol"'
2.836x10"^ 5.325x10"’ -23.30
3.234x10"’ 5.687x10"* -22.64
4.354x10"’ 6.598x10"’ -23.83
4.534x10'* 6.733x10"* -22.50
5.844x10"’ 7.645x10* -23.17 
AsH” = -23.09 ±0.53
* Final concentration in the calorimetric vessel.
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The standard enthalpy of solution of metal-ion salts in these solvents involve the 
contribution of the crystal lattice enthalpy, AciH® (endothermie process) and solvation 
enthalpy, (exothermic process) as described in eq. 3.23.
M""X-(gas)
(solid)
3.23
The standard enthalpies of solution summarised in Table 3.26 show that, except for 
Zn(C1 0 4 )2 .6 H2 0  in butan-l-ol, the dissolution of these perchlorates in these solvents 
takes place with a release of energy (exothermic process), which indicates that for 
these systems the solvation process predominates over the crystal lattice process. 
However, the standard enthalpy of solution of zinc(II) perchlorate in butan-l-ol is 
slightly endothermie indicating that there is a balance between the crystal lattice 
(endothermie) and the solvation process (exothermic).
Taking butan-l-ol as the reference solvent, the enthalpies of transfer of these 
perchlorates from butan-l-ol to the water saturated butan-l-ol are calculated (based on 
the Plî4AsPh4B).'®* These data are also listed in Table 3.26. In all cases, transfer 
enthalpies show that these salts are enthalpically more stable (exothermic process) in 
water saturated butan-l-ol than butan-l-ol. This is an expected results since the ions 
constituent of these electrolytes are likely to interact more strongly with water (present 
in the saturated solvent) than with butan-l-ol.
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Table 3.26. Standard enthalpies of solution of lead(n), cadmium(Il) and zinc(H) 
perchlorates in butan-l-ol and in water saturated butan-l-ol. Derived standard 
enthalpies of transfer of metal-ion salts from butan-l-ol to water saturated 
butan-l-ol at 298.15 K.
Electrolyte AJH°/kJmor‘ 
BuOH satd H2O
A3 °/U m or*
BuOH
A,H°/kJmor‘ 
BuOH~> BuOH satd 
H2O
Pb(C104)2.3H20 -23.39 ± 0.20* -11.62 ±0.61° -11.77
Cd(C1 0 4 )2 .6 H2 0 -27.75 ±0.34" -3.12 ±0.14° -24.63
Zn(C1 0 4 )2 .6 H2 0 -23.09 ±0.53° 1.73 ±0.18' -24.82
butan-l-ol, BuOH; water saturated butan-l-ol, BuOH satd H2O.
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3.S.3.2. Standard enthalpies of solution of /i-te/t-butylcalix[4]arene 
diisopropylacetamide cadmium and zinc perchlorate complexes in butan-l-ol at
298.15 K.
The isolation of / 7-ter/-butylcalix[4 ]arene tetradiisopropylactamide cadmium and zinc 
perchlorate complexes (section. 3.4) allows to proceed with measurements of 
enthalpies of solution of these complexes in butan-l-ol at 298.15 K. However, the low 
solubility of /?-rerr-butylcalix[4]arene tetradiisopropylactamide lead perchlorate 
complex has made it difficult to perform these measurements.
The enthalpies of solution of /?-/err-butylcalix[4]arene tetradiisopropylactamide 
cadmium and zinc perchlorate complexes in butan-l-ol at 298.15 K are reported in 
Tables 3.27 and 3.28. As no variations were observed in the enthalpies of solution with 
changes in electrolyte concentrations, an average is given as the standard enthalpy of 
solution, AsH® of these metal-ion complexes in this solvent.
In moving from the free to the complexed salt, there is a considerable increase in cation 
size. As a result, it is expected that the contribution of the crystal lattice energy would 
be greater (more endothermie) for the free metal-ion salt than corresponding data for 
the metal-ion complex. On the other hand, it is difficult to predict the enthalpic 
differences between cadmium and zinc complexes, which is attributed to different 
solvation of these species, particularly, in the case of calixarenes which are known to 
interact strongly with a variety o f solvents. The results show that the enthalpy of 
solution, AsH®, is more favourable for the dissolution of the metal-ion complexes than 
for the free metal ion salt.
The availability of the standard enthalpies of solution for the ligand, free and 
complexed metal ion salts and the complexation data allows the calculation of the 
standard enthalpy of coordination, AcooniH® of cadmium and zinc metal cation salts and 
L-5a referred to the process where the reactants and the product are in the solid state 
mid these are now discussed.
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Table 3.27. Standard enthalpies of solution of /r-tert>butylcalix[4]arene 
tetradiisopropylacetamide cadmium(Il) perchlorate complex in butan-l-ol at 
298.15 K.
*c / mol dm"* AsH/W mol''
I.796xl0’’ 4.239x10'^ -16.68
2.216x10'* 4.708x10'^ -16.17
3.331x10'* 5.771x10'^ -14.47
4.590x10'* 6.775x10'" -15.75
AsH° = -15.77 ±0.18
* Final concentration in the calorimetric vessel.
Table 3.28. Standard enthalpies of solution of p-/^rt-butylcalix[4]arene tetra 
diisopropylacetamide zinc(ll) perchlorates complex in butan-l-ol at 298.15 K.
*c/mol dm AsH/k J  mol'
4.517x10'* 6.721x10'* -31.18
6.547x10* 8.091x10'" -32.49
7.445x10'" 8.628x10'* -33.03
8.315x10'* 9.119x10" -31.70
AsH“ = -32.01 ±0.82
* Final concentration in the calorimetric vessel
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3.5.3 3. Standard enthalpies of coordination.
The thermodynamic parameters of coordination are referred to the process in which 
product and reactants are in their pure physical state. Thus, AcoordH” values are 
obtained using the following thermodynamic cycle.
A c o o rd îT
MXz(sol) + Calix[4](sol) -------------------- (MCaiix[4 ])X2 (sol)
AsH° AsH° AsH°
A j r
M*"(s) + 2JC(s) + Calix[4](s) (M**Calix[4])(s) + 2 X-(s)
3.24
In eq. 3.24 X  and CaBx[4] denote cation, anion and ligand respectively, in the 
solid (sol) or in solution (s) state.
The standard enthalpies of coordination, AcowdH®, referred to reactants and product in 
their pure physical state were calculated from solution data as shown in eq. 3.25,
AcoorfH” -  AsH°(Calix[4]) + AglTCMXa) + AcH° - AsH"(MCalix[4 ])X2 3.25
The importance of obtaining data for the coordination process has been previously 
discussed by Danil de Namor and coworkers^®'^  and a summary is now given.
/) Coordination data provides information regarding host-guest interactions where all 
the compounds are in their pure physical state.
ii) For a given metal cation salt and a given ligand, the Aco«dH® should be the same 
independently of the solvent from which these data are derived. Therefore, the 
calculation of Aeo«dH° provides a suitable method to check the accuracy of the solution 
data.
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in) Coordination enthalpies combined with solution data for the host, the guest and the 
resulting complex led the calculation of the enthalpy of complexation of metal cations 
and macrocyclic ligands in low dielectric media where no data are available.
The low solubility of /?-rerr-butylcalk[4]arene tetradiisopropylacetamide cadmium and 
zinc perchlorate complexes in water saturated butan-l-ol has made it difficult to 
determine their heats of solution in this solvent.
Standard enthalpies of solution of the ligand L-5a, free and complexed salts (Tables 
3.26,27,28) and corresponding data for the complexation process (Tables 3.8 and 3.9) 
in butan-l-ol used (eq. 3,25) to derive the enthalpies of coordination of cadmium and 
zinc perchlorates and L rSa in the solid state (eq. 3.24) as reported in Table 3.29.
These data show that the stability in enthalpic term in the solid state is lower than the 
enthalpic stability in solution. However, the unfavourable enthalpy of coordination of 
the zinc complex and the lower enthalpic stability of complexation of zinc and ligand 
L-5a in butan-l-ol relative to the water saturated solvent (no heat was detected, no 
complexation was observed) is largely influenced by the high enthalpic stability of the 
zinc complex (Zn^^CaIix[4]) in butan-l-ol. This is also reflected in the gain in entropy 
observed (AcS° =190.2 j K'^  mol ) upon complexation of zinc and L-5a in butan-l-ol.
Since the standard enthalpy of coordination is independent of the solvent, the AcooriH® 
obtained for cadmium in the solid state (derived from solution data in butan-l-ol) was 
used to calculate the standard enthalpy of solution of the same complex in the water 
saturated butan-l-ol. This is reported in Table 3.30.
In order to evaluate the contribution of ligand, free and complex cation to the 
differences observed in the complexation of cadmium and L-5a in butan-l-ol and in 
water saturated butan-l-ol, the enthalpies of transfer, AtH®, from butan-l-ol to water 
saturated butan-l-ol for the ligand L-5a, free and complex cadmium salt reported in
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Tables 3.10, 3.26 and 3.30 are inserted in the relationship between complexation AcH® 
and transfer data AtH® shown in eq. 3.26.^^°
AcH® (BuOH satd H2O) - AcH® (BuOH) =
AtH®(M"^Calix[4]) - AtH®(CaUx[4]) - AtH®(M®") 3.26
The processes involved in each term of eq. 3.26 are best illustrated by the following 
cycles, where AH® values are given in kJ m of\
Cd^ (BuOH) Calix[4](Bu0H)
AcH®
Cd^ Calix[4](BuOH)
-58.90
A tH ® A tH ® A tH ®
-24.64 -14.64 4.47
A c H ®
C d ^  (Bu0 H»atdH20) Calix[4](Bu0HiatdH20) C d ^  C a l i x [ 4 ]  (B u O H ia td m O )
■15.16 kJm ol‘
3.27
From these data it can be concluded that the lower stability (in entiialpic tenus) of tliecomplex
cadmiumpn water saturated butan-l-ol with respect to butan-l-ol ( A & H ®  = 43.74 kJ 
mol" )^ resulted from the unfavourable contribution of the cadmium and to a lesser 
extent to the unfavourable contribution of the ligand, both of which are enthalpically 
more stable in the water saturated butan-l-ol than in butan-l-ol solvent. This is 
reflected in the loss in entropy observed upon complexation of cadmium with L-5a in 
butan-l-ol ( A c S ®  = -38.6 J mof^) relative to the water saturated solvent ( A c S ®  -37.2 JK'^  
mol" )^.
From the thermodynamic data obtained the following conclusions are drawn, 
i) The decrease in the stability constant and in the enthalpies and the concomitant 
increase in entropy observed in the complexation of L-5a and metal cations in moving 
from butan-l-ol to the water saturated solvent suggest dramatic solvation changes of 
the reactant and the products upon complexation.
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if) The enthalpies of transfer from butan-l-ol to the water saturated solvent of L-5a, 
lead, cadmium and zinc perchlorate salts show that these compounds are enthalpically 
more stable (exothermic process) in water saturated butan-l-ol than in pure butan-l-ol.
Hi) The unfavourable enthalpy of complexation and coordination of zinc and L-5a in 
butan-l-ol resulted from the favourable contribution of zinc complex (Zn^^CaIix[4 ]) in 
this solvent.
/V) Finally the lower complex stability of cadmium in water saturated butan-l-ol with 
respect to butan-l-ol is due to the unfavourable contribution of cadmium and the 
ligand in butan-l-ol.
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Table 3.29. Standard enthalpies of coordination of p-tert-butylcalix[4]arene 
tetradiisopropylacetamide cadmium and zinc perchlorate complexes obtained 
from data in butan-l-ol at 298.15 K.
complex Acfir 
kJ mol**
AsFT 
kJ mol'^
AsH° 
kJ mol*^  
(Ligand)
AsH° 
kJ mol*^  
(Metal ion salt)
AcooidH®
kJ mol'*
(CdCalix[4])X2 -58.90* -15.77" -15.41® -3 .12* -30.84
(ZnCalix[4])X2 13.03* -32.01' -15.41® 1.73" 62.18
Table 3.30. Standard enthalpy of transfer of /?-terr-butylcalix[4]arene 
tetradiisopropylacetamide cadmium perchlorate complex from bütan-1-ol to 
water saturated butan-l-ol at 298.15 K.
Compound
AsH® 
kJ mol*' 
BuOH
AsH® 
kJ mol’^  
BuOH satd H2O
AtH®
kJ mol'  ^
BuOH-^BuOH satd H2O
(CdCalix[4 ])X2 -15.77* -11.30 4.47
‘Table 3.27; BuOH, butan-l-ol; BuOH satd H2O, water saturated butan-l-ol.
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3.6. Extraction of metal cations from water to butan-l-ol 
using /^-t^rt-butylcalix[4]arene tetradiisopropylacetamide 
[L-5a]at298K.
The extraction properties of/?-/err-butylcalix[4]arene tetradiisopropylacetamide [L-5a] 
towards alkali and heavy metal cations (radioactive and non-radioactive) in the 
butan-l-ol-water system at 298 K have been investigated. Percentages of extraction 
(% E) reported are the mean values of at least three independent experiments. These 
data were calculated from eq. 3.28.
% E= 100 X (A o - A ) /  Ao 3.28
where A «, is the absorption of the initial concentration and A is the absorption of the 
sample solution.
3.6.1. Extraction of non-radioactive metal cations.
Atomic absorption spectroscopy is the most widely used technique for the quantitative 
determination of metal cations at trace levels in a wide range of materials. Therefore, 
this instrument was used for the quantitative determination of metal cations in solution. 
Calibration curves for the metal cations used were obtained by plotting the absorbance 
of the solution versus the known metal concentration in solution.
The calibration curves for Pb*'(Fig. 3.66), Cd* (^Fig. 3.67), Zn^ (Fig. 3.68), Ag*(Fig. 
3.69), L f (Fig. 3.70), Na* (Fig. 3.71), K" (Fig. 3.72), Rb"^  (Fig. 3.73) and Cs* (Fig. 
3.74) are found to be linear Whin the detection limit of the instrument. Intercepts (a), 
slopes (m) and the correlation coefficients (r^ ) are shown.
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0, 0.11 - 
c  0.09 
■S 0.07 
JS 0.05 
** 0.03 -
[Pb] / ppm
y =a + mx
m = 0.007 ± 0.0001, a = -0.003 ± 0.0007, = 0.999 
Fig. 3.66. Calibration curve for the determination of Pb(H) at 298 K by atomic
absorption spectroscopy.
0.5
I  0.3 -  
5 0.2
y =a + mx
m = 0.09 ± 0.001, a = 0.046 ± 0.003, = 0.999
Fig. 3.67. Calibration curve for the determination of Cd(ll) at 298 K by atomic
absorption spectroscopy.
0.15
g  0 .05-
[Zn] ppm
y=a + mx
m = 0.033 ± 0.0004, a = 0.011 ± 0.001. = 0.999
Fig. 3.68. Calibration curve for the determination of Zn(H) at 298 K by atomic
absorption spectroscopy.
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0.4 -T- 
0.3 •
0.2 -  • 
0.1 - -
[Ag] / ppm
y =a + mx
m = 0.072 ± 0.001, a = 0.0127 ± 0.004, = 0.998
Fig. 3.69. Calibration curve for the determination of Ag(l) at 298 K by atomic
absorption spectroscopy.
0.04 J  
s  0.03 
■g 0.02I 0.01 ■
ILI] / ppm
y=a + mx
m = 0.011± 0.0001, a = -0.0008 ± 0.0003, = 0.999
Fig. 3.70. Calibration curve for the determination of Li(l) at 298 K by atomic
absorption spectroscopy.
0.09 -p 
g  0.075 
g  0.06
g  0.045 8 0.035  0.015
y =a + mx
m = 0.062 ± 0.0005, a = 0.00009 ± 0.0004, = 0.999
Fig. 3.71. Calibration curve for the determination of Na(l) at 298 K by atomic
absorption spectroscopy*
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0.8
I  0.6 
S 0.4
0.2 •
0.5
[iq I  ppm
y = a +  mx
m  =  0 .22  ±  0 .004 , a  =  0 .026  ±  0 .007 , =  0 .999  
Fig. 3.72. Calibration curve for the determination of K(I) at 298 K by atomic
absorption spectroscopy.
« 0.09-8 0.075- m 0.06- ■S 0.045 M 0.03 5  0.015
[Rb] / ppm
y =a + mx
m  =  0 .036  ±  0 .0 0 0 4 , a  =  -0 .0061  ±  0 .0006 , =  0 .9 9 9  
Fig. 3.73. Calibration curve for the determination of Rb(I) at 298 K by atomic
absorption spectroscopy.
0.04
0.03 •
0.02 -
0.01
[Cs] I  ppm
y = a  + mx
m  =  0 .001 ±  0 .0001 , a  =  0 .004  ±  0 .0003 ,  ^=  0 .999  
Fig. 3.74. Calibration curve for the determination of Cs(I) at 298 K by atomic
absorption spectroscopy.
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Percentages of the metal cation salt extracted from water to water saturated butan-l-ol 
in the presence of the ligand L-5a at pH = 1 and at 298 K are reported in Table 3.31. 
In the absence of the ligand in the organic phase the concentrations of metal cations in 
the aqueous phase at the same pH value were found to be similar to the initial 
concentrations of these ions. This indicate that the extraction of these ions in the 
absence of the ligand does not happen. The low pH value (pH=l) was selected in order 
to match the current procedure used for the separation of lead.
This preliminary study shows that the extracting ability of the /?-/e/*r-butylcalix[4]arene 
tetradisopropylacetamide for Pb^  ^is greater than for other metal cations as shown in 
Table 3.31. Although, Cd^\ Na% and Ag^ form highly stable complexes with L-5a in 
water saturated butan-l-ol, however, these are not efficiently extracted into the 
organic phase. This may be attributed to the various processes which take place in the 
overall extraction of metal cations from water to the organic phase in the presence of 
calixarenes.
In order to assess possible applications of this ligand in metal extraction technology, 
several extraction experiments were carried out at different pH and ligand 
concentrations. Results are reported in Tables 3.32 and 3.33.
The results obtained show that the ligand extracts Pb(II) from the aqueous phase and 
the extraction capacity decreases by increasing the pH which might be due to the 
hydrolysis of lead to form lead hydroxide Pb(0 H)2 . On the other hand as observed 
from the data in Table 3.33, at pH = 1 and at 1:1(M"' :^L) molar ratio, 93 % o f Pb(II) is 
extracted from the aqueous phase (Fig. 3.75). This percentage increases to 100 % as 
the concentration of the ligand increases (Fig. 3.76).
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95 -
85 -
7 5 -
3.75. Extraction of Pb(II) by L-5a at different pH’s , I = 0.01 mol dm^ and
298 K.
1 0 0  f
99
98 -
97 -
96
9 5 -
9 4 -
1.4 1.6
[lig an d ]/[m eta l]
1.2 1.8
Fig. 3.76. Extraction of Pb(H) at pH = 1 ,1 = 0.01 mol dm^, 298 K and different
concentrations of L-Sa.
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Table 3.31. Percentages of metal cations (10^ mol dm^) extracted from the 
aqueous phase by /7-te/f-butylcalix[4) arene tetradiisopropylacetamide [L-5a] 
(10"* mol dm^) in the organic phase at pH -  1 at 298 K.
Cation Li" Na" K" Rb" Cs" Ag" Zn^" Cd^" Pb^"
% 26.6 21.5 10.3 18.3 17.2 26.1 4.5 17.9 92.8
Table 3.32. Percentages of lead(H) (10"* mol dm^) extracted into the organic 
phase containing p-tert-butylcalix[4]arene tetradiisopropylacetamide [L-5a] (10"* 
mol dm ^ ) from the aqueous phase at different pH’s at 298 K (1=0.01 mol dm )^.
pH %Pb(n)
1 92.8
2 88.6
3 86.7
4 77.2
5 73.3
6 70.3
Table 3.33* Percentages of extraction of lead(H) (10^ mol dm^) from the aqueous 
phase at different concentrations of L-Sa, at pH = 1, and 298 K (I = 0.01 mol 
dm^).
[L] /  mol dm‘^ Pb(II)%
l.OOxlO'^ 93
1.25x10"* 96
1.50x10"^ 99
1.75x10"* 1 0 0
2 .0 0 x 1 0 "* 1 0 0
-------------------------- — i________________
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3.6.2. Extraction of radioactive metal cations.
In order to obtain different sets of quantitative data, /?-ter^-butylcalix[4]arene 
tetradiisopropylacetamide [L-5a] was used in the extraction of the radioactive 
2oijj+  ^2oi.pj3+^ metal cations from water to butan-l-ol at 298 K.
For the investigation of the extraction of radioactive metal cations from the aqueous 
solution, the number of counts for each radioactive metal cation in both phases was 
determined by using a multi-channel analyser equipped with a Germanium-Lithium 
detector. The result of these experiments are summarised in Table 3.34.
The extraction ability of this ligand is rather high towards lead(II) over the other 
radioactive metal cations, although the aqueous solution of the lead(II) perchlorate 
(10-4 mol dm-3) was spiked with the radioactive lead to obtain a 1:1 (M"^:L) ratio as 
shown in Fig. 3.77. For TP+, T1+, In^ + and Ga^+ very small amounts ranging from 
(1.67 - 4.68 ng) of these metal cations were dissolved in the aqueous phase (10 ml) 
and the M"^:L ratio was around 1:50,000. Despite the very large ratio in favour of the 
ligand L-5a, these radioactive metal cations are not extracted into the organic phase. 
These findings lend support to the results obtained by other techniques used 
previously.
Upon washing of the organic layer with water saturated butan-l-ol (pH 10), 99.9% of 
the complexed radioactive lead(II) was recovered which allow the reuse of the ligand.
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100»
95 -•
90 -
65 ■■
60
2 3 41 5 6
*  ML 1:1 
■ ML 1:50000
pH
Fig. 3.77. Extraction of radioactive at pH - 1 , 1 -  0.01 mol dm^, at
298 K, l:Ian d  1:50000 ratio (metal:L-5a).
3.6.3. The ligand in use.
The extracting ability of the /?-ter/-butylcalix[4]arene tetradiisopropylacetamide [L-5a] 
towards lead(II) was explored as an alternative procedure for the separation of 
radioactive lead(II) from radioactive thallium®. In this procedure the radioactive 
lead(II) was chelated by the ligand in the organic layer (99.96%) leaving the enriched 
thallium(I) in the aqueous layer. Now the organic phase may be analogous to the 
generator technology where the parent radionuclide is trapped in a phase and the 
daughter eluted with a different phase. Thallium(I) was eluted in more than
95% with the lowest detection limit of the radioactive lead (20i,203pyz+^  summarised 
in Table 3.35. The amount of the major contaminants in the sample; “^^ thallium, copper 
and iron were found to be less than 2.0, 1.0 and 1.0 pg/ml respectively and the pH 
value found was 5,2, These results complied with International Radiopharmaceutical 
Standards (USP) for injectable products for human use.
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Upon washing of the organic layer with water saturated butan-l-ol (pH=10), 99.9 % 
of the complexed radioactive lead(n) was recovered which allow the reuse o f the 
ligand in another extraction processes.
This procedure has proved to be easier than the method currently used. Advantages are 
0  it reduces the time and the material used for the separation process.
//) less human exposure to radiation.
H i)  higher thallium yield obtained.
A particular advantage of using °^^ Pb-^ ®^ Tl generator procedure lies not only in its 
efficient ability to separate thallium from lead but in the availability of ^°^TP to the 
physician vyithin a few hours after cyclotron bombardment of the enriched thallium 
target.
Further work is however needed to enable the routine application of this method.
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Table 3.34. Percentages of extraction of metal cations by L-5a from the aqueous 
phase at different pH and 298.15 K ( I =0.01 mol dm^ ).
Cation
M;L
%Pb(n)
1:50000
% Pb(n)
1 : 1
% Tl(ni) % T1(I) % Ga(III) %In(III)
pH
1 . 0 0 99.90 94.60 0 . 0 0 0 . 0 0 0.23 0 . 0 0
2 . 0 0 99.70 94.00 0 . 0 0 0 . 0 0 0 . 1 2 0 . 0 0
3.00 99.20 89.30 0 . 0 0 0 . 0 0 0 . 1 0 0 . 0 0
4.00 96.50 77.40 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
5.00 93.20 74.50 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
6 . 0 0 88.90 67.30 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
Table 3.35. Radionuclide purity and identity for Thallous Chloride (^ °^ T1C1) bulk 
solution.
Radionuclide Standard Found
KFSH USP
Thallium-201 NLT 99.0 % NLT 95.0% 99.57
Thallium-202 N M TI.0% NMT2.7% 0.42
Thallium-200 NMTO.1 % NMT2.0% <0.0033
Lead-20 land 203 NMTO.1% NMT 0.3 % <0.0051
Abbreviations: NLT, Not less than; NN T, Not more than; KFSH, King Faisal
Specialist Hospital; USP, United State Pharmacopeia.
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3.7. Amide calix[4]arene anchored to a polymeric 
framework.
Selective separation of chemical species is of great importance for many applications. 
Macrocyclic ligands such as calixarene derivatives are preorganised hosts to allow the 
selective interaction of different type of species as guests. These macrocycles have 
been used to separate metal ions by solvent extraction.
The loss of expensive materials from the organic layer in solvent extraction technology 
and the environmental problems which may result from the use of organic solvents, has 
made it necessary to replace this method. Calixarene derivatives can be incorporated in 
a polymeric framework and used as alternative recyclable materials for metal-ion 
extraction processes. Thus, the ability of /?-/er«‘-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] as extracting agent for the Pb(II) ion at low pH has 
encouraged the incorporation of this ligand into a polymeric resin via the unsubstituted 
/?arflf-position of the calixarene. Therefore, indirect routes previously reported in the 
literature '^*  ^can be used. These involve,
/■) The removal ofp-tert-butyl groups of /?-/er/-butylcalix[4]arene.^®
//) The introduction of 2-bromo-diisopropylacetamide at the lower rim of the 
calix[4]arene. These are shown in Scheme 3.78.
AlCb /Toluene
[3eq)50-55 "C
OH
THRDMF
(5:1)
NaH
L-13
75-80 °C
CH:
CM
CH<
L-14
Scheme 3.78. Friedel Crafts transalkylation and derivatisation route used for the
preparation of L-13 and L-14.
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The intermediate compound calix[4]arene [L-13] was prepared according to the 
procedure suggested by Gutsche and coworkers®  ^using aluminium chloride-catalysed 
transalkylation. Then alkylation was performed on calix[4]arene [L-13] following the 
procedure developed by U n g a r o a n d  coworkers to yield 59 % the calix[4]arene 
tetradiisopropylacetamide compound.
Analytical and physical information for L-13 and L-14 are reported in Table 3.36.
The NMR spectrum of calix[4]arene (Fig.3.79) which has a very simple pattern 
revealed the existence of the com  conformation of this compound by exhibiting two 
broad peaks at 3.55 and 4.25 ppm for the equatorial and axial bridging methylene 
protons respectively, whereas the doublet and triplet peaks at 7.23 ppm and 6.73 ppm 
respectively, represent the aromatic protons.
NMR spectrum of calix[4]arene tetradiisopropylacetamide (Fig. 3,80) shows an AB 
system for the bridging methylene with two pairs of doublets. The high field doublet at 
3.20 ppm is assigned to the equatorial protons (Heq), whereas the lower field at 5.29 
ppm to the axial protons (ILx) [A6(Hw-Hcq)=2.09 ppm]. This indicates that two 
confronting phenol units are more parallel than those observed in a regular cone 
conformation [Aô(H«t-Heq)=0.9 ppm]^ ®^  resulting in a distorted com  conformation. 
However, it is less distorted than the same ligand bearing p-tert-buty\ groups at the 
para-position [L-Sa] [A0(Hk-H«,)=2.19 ppm] (Table 3.4).
The ^H NMR spectral data recorded in CDCI3 at 298 K for calix[4]arene and 
calix[4]arene tetradiisopropylacetamide are listed in Table 3.37.
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Table 3.36. Analytical and physical data of calix[4]arene [L-13] and 
calix[4]arene tetradiisopropylacetamide [L-14].
Compound % Yield m.p. / °C
Microanalysis 
% Calculated % Found
C H N C H N
L-13 60 313-316“ 79.07 5.65 0 . 0 78.80 5.66 0 . 0
L-14 59 >300 72.81 8.55 5.66 72.67 8.70 5.66
“Ref. 6 6 .
Table 3.37. H NMR chemical shifts (5) in ppm for the calix[4]arene [L-13] and 
calix[4]arene tetradiisopropylacetamide [L-14] in CDCb at 298 K.
Compound 
Proton #
L-13 L-14
H(l) 6.72 6.54
H(2) 7.03 6.61
%,(3) 3.55 3.20
H«(3) 4.25 5.29
( J ab= 1 3 .6 H z )
H(4) 1 0 . 2 4.93
H(5) — 4.06
H(6 ) — 1.34
H(7) — 3.40
H(8 ) — 1.13
A5(H«,-H«,)/ppm 0.7 2.09
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Fig. 3.79. H NMR spectrum of calix[4]arene [L-13] in CDCij at 298 K.
—
AV___ L  i L .  A _ ^  -
/ ,
Fig, 3.80. H NMR spectrum of ca!ix[4]arene tetradiisopropylacetamide [LI4] in
CDCI3 at 298 K.
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3.7.3. Polymerised calix[4]arene tetradiisopropylacetamide.
Several attempts to polymerise calix[4]arene tetradiisopropylacetamide [L-14] through 
the / 7£?ra-position failed starting from the direct introduction of the cross-linked 
chloromethylated polystyrene (Merrifield) using Fridel-Crafts chemistry ending with 
the unsuccessful preparation of silicone-bound calixarene through the 
allylcalix[4]arene tetradiisopropylacetamide.
The free /?ara-position of calix[4]arene tetradiisopropylacetamide is the only site 
available for polymerisation. Based on investigations reported by several groups which 
showed that the acid-catalysed reaction of phenol and formaldehyde lead to the 
formation of a polymer through the /7am-positionfthis procedure was used for the 
polymerisation of L-14. A light-yellow material insoluble in the most common solvents 
was obtained. Microanalysis of the dried resin was carried out at the University of 
Surrey (C % 58.20, H % 8.00, N % 3.24). The IR spectrum (Fig. 3.81) of the starting 
material (calix[4]arene tetradiisopropylacetamide) shows a strong band at 1659 cm"^  
for the carbonyl groups whereas the carbonyl groups of the new material shifted to 
1638 cm“^ as shown in Fig. 3.82. Assuming that the whole content of nitrogen was 
originated from the ligand, this polymer contains 0.45 mmol of ligand/g resin.
220
Results and Discussion
80
20
#000
Fig. 3.81. Infrared spectrum of calix[4]arene tetradiisopropylacetamide [L-14]
(KBr).
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Fig. 3.82. Infrared spectrum of the polymeric resin (KBr).
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CONCLUSIONS
From these investigations, the following conclusions are drawn,
/■) The introduction of 2-bromo-N,N-dialkylacetamides, diethyl chlorothiophosphate, 
2 -chloroethyI methyl sulphide, 2 -diethylaminoethyl chloride hydrochloride at the lower 
rim of p-ter/-butylcalix[4]arene using different methods to produce hew p-1ert- 
butylcalix[4]arene derivatives in the cone conformation was successfully achieved.
if) Solubility data of /?-ter/-butylcalix[4]arene tetradiisopropylacetamide [L-5a] in 
butan-l-ol and in water saturated butan-l-ol at 298.15 K revealed that the standard 
Gibbs energy (and hence, the solubility) values are not significantly different. 
However, solution thermodynamics of the ligand in these solvents demonstrated an 
increase in enthalpic stability in moving from the pure butan-l-ol to the water saturated 
solvent which must be attributed to specific-water-ligand interactions.
Hi) It is concluded from spectrophotometnc, microcalorimetric and potentiometric 
studies that /?-terr-butylcalix[4]arene tetradiispropylacetamide [L-5a] interact with 
various metal cations giving 1 : 1  stoichiometry complexes in butan-l-ol and in water 
saturated butan-l-ol. The spectroscopic data indicated that the molecular motion of the 
ligand skeleton is efficiently frozen through complexation with metal cations.
iv) Dramatic changes are observed in the thermodynamic parameters of complexation 
of /?-te/*/-butylcaIix[4]arene tetradiisopropylacetamide [L-5a] with metal cations at
298.15 K in moving from butan-l-ol to the water saturated solvent.
v) Combination of the thermodynamic parameters of complexation with solution data 
of the host, the guest and their complexes has led to values for the enthalpies of 
coordination of /?-/ert-butylcalix[4]arene tetradiisopropylacetamide [L-5a] with 
cadmium and zinc perchlorates in the solid state. These indicate that the stability in 
enthalpic terms in the solid state is lower than the enthalpic stability in solution.
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vi) The ability of jp-/er/-butylcalix[4]arene tetradiisopropylacetamide [L-5a] to extract 
lead(n) from the aqueous phase over other metal cations (Cd^ ,^ Zn^ % Tf, Tl^ ,^
Ga^\ A g\ L i\ Na% K% Rb^ and Cs^) at very low pH led to the separation of 
radioactive lead from radioactive thallium as a better alternative to the methods 
currently used.
vii) The incorporation of calix[4]arene tetradiisopropylacetamide [L-14] into a 
polymeric framework was successfully carried out by the acid-catalysed formaldehyde 
condensation. But further research in this area is required.
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Suggestions for further work
/) The use of /;-fe/*/-butylcalix[4]arene derivatives containing secondary amides should 
be explored in order to assess quantitatively the extraction ability of these ligands 
towards anionic species, this can open the possibility of using these compounds for 
applications in positron emission tomography.
if) The extraction ability and the thermodynamics associated with the new calixarene 
derivatives containing sulphur and phosphorus ligating functional groups and metal 
cations deserve to be carefully investigated. These results could lead to the use of these 
calixarenes as sequestering agents for the separation of radioactive metal cations used 
in radiopharmaceutical products.
7/7 ) Attempts to isolate suitable crystals for X-ray diffraction studies should be made.
7v) The recovery of enriched cadmium and zinc from other contaminants and the 
separation of cadmium from zinc when cross contamination occurs should be explored 
with /?-/er/-butylcalix[4]arene tetradiisopropylacetamide [L-5a].
v) Other methods should be investigated to polymerise calixarenes either through the 
aromatic rings or to the attachment into the polymeric network via a N-alkylation 
reaction involving the secondary amide functional groups.
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APPENDIX 
Appendix 1
This appendix contains titration data for the complexation of /?-/erf“butylcaIix[4]arene 
tetradiisopropylacetamide [L-5a] with metal cations in butan-l-ol and in water 
saturated butan-l-ol obtained from microcalorimetric titration (Q is the corrected heat 
liberated inside the reaction vessel and Fis the volume of the metal added).
Table 1. Microcalorimetric titration data of p-tgrt-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Pb(ll) perchlorate in butan-l-ol at 298.15 K.
[Pb^*](moldm-^) [L] (mol dm ’) (2(J) r(|il)
1.717x10"' 2.897x10"* -0.01542 12.04
3,419x10"' 2.974x10"* -0.02745 24.08
5.107x10"' 2.962x10"* -0.02733 36.12
6.781x10"' 2.949x10"* -0.02752 48.16
8.440x10"* 2.937x10“' -0.02772 60.20
1.009x10'^ 2.925x10'’ -0.02775 72.24
1.172x10'^ 2.912x10’ -0.02764 84.28
1.334x10"^ 2.900x10’ -0.02781 96.32
1.494x10'’ 2.888x10'’ -0.02776 108.36
1.653x10'’ 2.876x10’ -0.02772 120.40
1.811x10’ 2.865x10’ -0.02785 132.44
1.968x10'’ 2.853x10’ -0.02777 144.48
2.123x10’ 2.841x10’ -0.02768 156.52
2.277x10'’ 2.830x10’ -0.02778 168.56
2.430x10'’ 2.818x10’ -0.02776 180.60
2.581x10’ 2.807x10’ -0.02782 192.64
2.731x10'’ 2.796x10’ -0.02816 204.68
2.881x10’ 2.785x10’ -0.02790 216.72
3.029x10'’ 2.773x10'’ -0.02640 228.76
3.176x10’ 2.762x10’ -0.01230 240.80
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Table 2. Microcalorimetric titration data of /i-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Cd(II) perchlorate in butan-l-ol at 298.15 K.
[C#T(moldm^) [L] (mol dm") 2 (J ) r(nD
l.SlSxlO"* 2.984x10" -0.02559 15.03
3.611x10"^ 2.968x10" -0.02648 30.06
5.388xlO'^ 2.952x10" -0.02631 45.09
7.147x10"' 2.937x10" -0.02626 60.12
8.887x10" 2.922x10" -0.02622 75.15
1.061x10" 2.906x10" -0.02629 90.18
1.231x10" 2.891x10" -0.02638 105.21
1.399x10" 2.876x10" -0.02624 120.24
1.567x10" 2.862x10" -0.02628 135.27
1.732x10" 2.847x10" -0.02613 140.30
1.896x10" 2.833x10" -0.02606 155.33
2.058x10" 2.818x10" -0.02617 170.36
2.218x10" 2.804x10" -0.02582 185.39
2.377x10" 2.790x10" -0.02554 200.42
2.534x10" 2.776x10" -0.02239 215.45
2.689x10" 2.763x10" -0.01261 230.48
2.843x10" 2.749x10" -0.00193 245.51
2.996x10" 2.736x10" -0.00060 260.54
3.147x10" 2.722x10" -0.00080 275.57
3.296x10" 2.709x10" -0.00012 290.60
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Table 3. Microcalorimetric titration data of /7>tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Zn(ll) perchlorate in butan-l-ol at 298,15 K.
[Zn'^TCmoldm") [L] (mol dm") e w F(nl)
1.599x10" 2.984x10" 6.141 15.0
3.180x10" 2.968x10" 5.711 30.0
4.745x10" 2.952x10" 6.084 45.0
6.294x10" 2.937x10" 5.997 60.0
7.826x10" 2.922x10" 5.986 75.0
9.343x10" 2.906x10" 5.877 90.0
1.084x10" 2.891x10" 5.921 105,0
1.233x10" 2.876x10" 5.810 120.0
1.380x10" 2.862x10" 5.879 135.0
1.525x10" 2.847x10" 5.919 140.0
1.669x10" 2.833x10" 5.961 155.0
1.812x10" 2.818x10" 5.982 170.0
1.953x10" 2,804x10" 5.809 185.0
2.093x10" 2.790x10" 5.714 200.0
2.231x10" 2.776x10" 5.696 215.0
2.368x10" 2.763x10" 5.205 230.0
2.504x10" 2.749x10" 3.106 245.0
2.771x10" 2.736x10" 0,914 260,0
2.903x10" 2.722x10" 0.706 275.0
3.034x10" 2.709x10" 0.604 290.60
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Table 4. Microcalorimetric titration data of /7-terf-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Ag(I) perchlorate in butan-l-ol at 298.15 K.
[Ag^] (moi dm'^) [L] (mol dm ") 6 (J ) r(pl)
2.513x10"' 4.959x10" -0.02194 12.04
5.005x10'" 4.937x10'" -0.01931 24.08
7.476x10-" 4.917x10'" -0.02031 36.12
9.926x10-" 4.896x10" -0.02061 48.16
1.236x10-^ 4.875x10*" -0.02098 60.20
1.476x10'^ 4.855x10" -0.02160 72.24
1.715x10'" 4.835x10" -0.02170 84.28
1.952x10'" 4.814x10*" -0.02222 96.32
2.187x10" 4.8795x10" -0.02242 108.36
2.420x10" 4.77510" -0.02270 120.40
2.651x10*" 4.755x10'" -0.02295 132.44
2.880x10" 4.736x10*" -0.02312 144.48
3.108x10" 4.716x10" -0.02325 156.52
3.333x10" 4.697x10'" -0.02357 168.56
3.557x10’" 4.678x10" -0.02326 180.60
3.779x10*" 4.659x10" -0.02350 192.64
3.999x10*" 4.641x10" -0.02362 204.68
4.217x10" 4.622x10'" -0.02317 216.72
4.433x10*" 4.604x10" -0.01575 228.76
4.648x10" 4.587x10" -0.002790 240.80
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Table 5. Microcalorimetric titration data of/?-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Na(l) perchlorate in butan-l-ol at 298.15 K.
[Na^] (mol dm'") [L] (mol dm'") F(pl)
2.578x10"' 4.959x10" -0.03182 12.04
5.133x10"' 4.937x10*" -0.03537 24.08
7.667x10'" 4.917x10'" -0.03664 36.12
1.018x10*"" 4.896x10" -0.03715 48.16
1.267x10*" 4.875x10" -0.03773 60.20
1.514x10" 4.855x10'" -0.03804 72.24
1.759x10*" 4.835x10'" -0.03839 84.28
2.002x10" 4.814x10" -0.03868 96.32
2.243x10'" 4.795x10" -0.03906 108.36
2.482x10*" 4.77510*" -0.03938 120.40
2.719x10'" 4.755x10" -0.03944 132.44
2.954x10'" 4.736x10*" -0.03970 144.48
3.187x10" 4.716x10" -0.03992 156.52
3.418x10" 4.697x10" -0.03841 168.56
3.647x10" 4.678x10" -0.03882 180.60
3.875x10*" 4.659x10" -0.03728 192.64
4.101x10" 4.641x10*" -0.02796 204.68
4.325x10*" 4.622x10" -0.00360 216.72
4.547x10'" 4.604x10'" -0.00419 228.76
4.767x10*" 4.586x10'" -0.00361 240.80
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Table 6. Microcalorimetric titration data of p-tert-butylcalix[4]arene tetra  
diisopropylacetamide [L-5a] and Pb(II) perchlorate in w ater saturated 
butan-l-ol a t 298.15 K.
[Pb^*] (mol dm'^) [L] (mol dm ") 6 (J) F(nD
2.254x10"' 2.880x10"* -0.01749 10.006
4.492x10"' 2.870x10"* -0.02753 20.012
e.TMxlO"* 2.859x10"* -0.02601 30.018
8.921x10"* 2.849x10"* -0.02269 40.024
1.111x10" 2.839x10"* -0.02218 50.030
1.329x10"" 2.829x10"" -0,02242 60.036
1.545x10"" 2.819x10"" -0.02262 70.042
1.759x10"" 2.809x10" -0.02279 80.048
1.972x10" 2.800x10"" -0.02293 90.054
2.184x10" 2.790x10"" -0.02373 100.060
2.394x10"" 2.781x10" -0.02367 110.066
2.603x10"" 2.771x10"" -0.02358 120.072
2810x10"" 2.762x10"" -0.02223 130.078
3.016x10" 2.752x10" -0.01604 140.084
3.220x10" 2.743x10"" -0.00314 150.090
3.424x10" 2.734x10"" -0.00323 160.096
3.625x10" 2.725x10"" -0.00338 170.102
3.826x10"" 2.715x10"" -0.00314 180.108
4.025x10"" 2.706x10" -0.00284 190.114
4.222x10" 2.697x10"" -0.00252 200.120
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Table 7. Microcalorimetric titration data of p-te/t-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Cd(II) perchlorate in w ater saturated 
butan-l-ol a t 298.15 K.
^ ^ ^ S ^ = ^ S S 8 S S S 8 S S 9 B S M S & a B[Cd"T(moldm-") [L] (mol dm"") G(J) F(nl)
3.003x10"* 2.880x10"* -0.00048 12.04
5.979x10"* 2.865x10"* -0.00759 24.08
8.929x10"* 2.852x10"* -0.01057 36.12
1,185x10" 2.840x10"* -0.01073 48.16
1.475x10" 2.827x10"* -0.01206 60.20
1.763x10" 2.815x10" -0.01308 72.24
2.048x10"" 2.803x10" -0.01367 84.28
2.330x10"" 2.791x10" -0.01362 96.32
2.610x10" 2.779x10" -0.00756 108.36
2.888x10" 2.767x10"" -0.00448 120.40
3.163x10" 2.756x10"" -0.00428 132.44
3.436x10" 2.744x10" -0.00408 144.48
3.707x10" 2.733x10" -0.00392 156.52
3.976x10"" 2.721x10" -0.00357 168.56
4.242x10" 2.710x10" -0.00351 180.60
4.506x10" 2.699x10" -0.00350 192.64
4.768x10" 2.688x10" -0.00318 204.68
5.028x10" 2.677x10" -0.00286 216.72
5.285x10" 2.665x10" -0.00306 228.76
5.541x10" 2.655x10" -0.00246 240.80
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Table 8, Microcalorimetric titration data of /;-te/t-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Ag(l) perchlorate in water saturated 
butan-l-ol at 298.15 K.
[Ag^] (mol dm'^) [L] (mol dm*") 2 (J ) P(|Lil)
2.097x10*^ 2.880x10*" -0.01290 10.006
4.180x10*^ 2.870x10*" -0.01105 20.012
6.248x10*^ 2.859x10*" -0.01108 30.018
8.301x10*^ 2.849x10*" -0.01156 40.024
1.034x10'" 2.839x10*" -0.01171 50.030
1.236x10'" 2.829x10" -0.01158 60.036
1.437x10'" 2.819x10’" -0.01174 70.042
1.637x10'" 2.809x10" -0.01176 80.048
1.835x10'" 2:800x10*" -0.01177 90.054
2.032x10'" 2.790x10*" -0.01181 100.060
2.228x10'" 2.781x10*" -0.01186 110.066
2.422x10'" 2.771x10" -0.01138 120.072
2.615x10" 2.762x10*" -0.00924 130.078
2.806x10'" 2.752x10*" -0.00375 140.084
2.997x10*" 2.743x10" -0.00117 150.090
3.186x10" 2.734x10*" -0.00080 160.096
3.373x10" 2.725x10*" -0.00069 170.102
3.560x10" 2.715x10*" -0.00059 180.108
3.745x10’" 2.706x10" -0.00067 190.114
3.929x10" 2.697x10" -0.00060 200.200
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Table 9. Microcalorimetric titration data of /;-tert-butylcalix[4]arene tetra 
diisopropylacetamide [L-5a] and Na(]) perchlorate in w ater saturated 
butan-l-ol a t 298,15 K.
[Na^Kmoldm*") [L] (mol dm’") 6 (J ) F(nl)
2.144x10*" 2.989x10*" -0.01497 10.006
4.272x10*" 2.979x10*" -0.01534 20.012
6.385x10*" 2.968x10*" -0.01567 30.018
8.484x10" 2.958x10*" -0.01616 40.024
1.057x10*" 2.947x10*" -0.01659 50.030
1.264x10" 2.937x10*" -0.01677 60.036
1.469x10*" 2.927x10*" -0.01659 70.042
1.673x10" 2.917x10" -0.01685 80.048
1.876x10*" 2.907x10" -0.01678 90.054
2.077x10" 2.897x10*" -0.01663 100.060
2.277x10*" 2.887x10" -0.01600 110.066
2.475x10*^ 2.877x10" -0.01441 120.072
2.673x10*" 2.867x10*" -0.00917 130.078
2.868x10*" 2.857x10*" -0.00079 140.084
3.063x10" 2.847x10*" -0.00059 150.090
3.256x10*" 2.838x10*" -0.00065 160.096
3.447x10*" 2.828x10*" -0.000089 170.102
3.638x10" 2.819x10*" -0.0010 180.108
3.828x10" 2.809x10’" -0.00053 190.114
4.016x10*" 2.800x10" -0.00024 200.200
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Table 10. Microcalorimetric titration data of /?-tgrt-butylcalix[4]arene tetra  
diisopropylacetamide [L-5a] and Li(l) perchlorate in w ater saturated 
butan-l-ol a t 298.15 K.
[LitKmoldm’’) [L] (mol dm"’) Q(J) F(nO
1.210x10'^ 5.877x10"’ -0.00751 35
2.390x10-^ 5.805x10"’ -0.00717 70
3.542x10-’ 5.735x10"’ -0.00732 105
4.667x10-’ 5.667x10"’ -0,00924 140
5.765x10’ 5.600x10"’ -0.0100 175
6.837x10"’ 5.535x10"’ -0.00854 210
7.885x10’’ 5.409x10"’ -0.00688 245
8.909x10’ 5.348x10"’ -0.00588 280
1.089x10’ 5.289x10"’ -0.00516 315
1.185x10"’ 5.231x10"’ -0.00470 350
1.278x10"’ 5.174x10"’ -0.00464 385
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Appendix 2
This appendix contains the gamma ray spectra of the radioactive material used in 
the instrument calibration and in the extraction technique.
2.1. Gamma ray spectrum of Lead ( ).
MCA #1 - Canberra SlOO •- PBSTl.MCA -
Plotted On : Mon 06 Jun 1994 @ 12:28:3
Acquire Started : Mon 06 Jun 1994 @ 12:19:0
Tag Humber : 56 
Dead Time : 0.
Full :LOG= 256R
From 241.0keV 
Int.=56 8 To 245.5keV Ai ea = .3+“C60.52% Pset (Ls) = Flap(Ls)= 300.00300.00
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2,2, Gamma ray spectrum of Thallium ( ®^^T1 ).
MCA #1 - Canberra SlOO - TLSTl.MCA 
Plotted OnTag Wumbe: Dead Time : Mon Ob Jun 1994 @ 12 Acquire Started : Mon 06 Jun 1994 @ 1 1
6R
Cursor = 211.SkeV Counts“4 rom 241.OkeV To 245.5keV Area=-2+-250.91%
300.00
300.00Int. = 43
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2.3. Gamma ray spectrum of Indium ( ).
100 - INST.MCA - Plot tod O r  : Mon l3 Jxin 1 9 9 4  § 14
Acquire Started : Mon 13 Jun 1994 @ 14
MCA #1 - CanboTag Number ; 81 
Dead Time : 0,
I Full :LOG= 256K
I III mill nil 1
;ke'C u r s 1.1 r =9 3 . 5 k e V 
<?uurtr.s = 8 5
From llS.SkeV Int=l3l7 Pset (Ls) = Flap (Ls) = 300.00300.00
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2.4 Gamma ray spectrum of Gallium (  ^ Ga ).
MCA #1 - Canberra SlOO - GAST.MCA -Plotted On : Wed 08 Jun 1994 é'Acquire Started : Wed 06 Jun 1994 @Tag Number : 6 Dead Time : 1
Full :LOG= 256R
300.00
300.00
Cursor=305.5keV 
Counts=2l
To 347.5keV 
.Areô = -6+-364.83.
From
Int=17C
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2.5. Gamma ray spectrum of the Europium standard source 
('®Eu).
MCA #1 - Canberra SlOO - (Untitled)Plotted On
I Acquire Started : Sun 23 Oct 1994 @ 14:21:12
3 Oct 1994 @ 14:40:56Tag Number : 496 Dead Time ; 0,9
Full :LOG- 256R
1800.001000.00To 2047.SkeV Area-0+-0.00% Pset(Ts) Elap(Ts)Cursar*=b9. OkeV Counts-814 From 0.OkeV Int.764343
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2.6. Gamma ray spectrum of the mixed standard source.
(Untitled) ; Sun
Acquire Started : Sun
MCA #1 - Canberra SlOO Plotted On @ 14 : 46 : 5bTag Humber : 496 Dead Time
Full :LOQ" 256K
Cursor*69.OkeV 
Counts«814
From 0.OkeV 
Int*764343 To 2047.SkeV Area=0+“0.00%
Pset(Ts) 
Elap(Ts)
1000.00
1000.00
UNRÆRSnY OF SURREY U B R ^ f
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